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ABSTRACT 
 Labdane-related diterpenoids are a large group of natural products (over 7,000 
known) with applications in many industries. The cyclization of the general diterpene 
precursor, (E,E,E)-geranylgeranyl diphosphate, into various bicyclic diterpene precursors 
catalyzed by class II diterpene cyclases characterizes labdane-related diterpenoid 
biosynthesis. The catalytic acid in the protonation-initiated cyclization reaction has been 
previously identified, however the catalytic base was not known. Using ent-copalyl 
diphosphate synthase from Arabidopsis thaliana, involved in gibberellin phytohormone 
biosynthesis, site-directed mutagenesis studies have uncovered the catalytic base responsible 
for deprotonation, which consists of a water molecule ligated, in part, by the side-chains from 
a highly conserved His and Asn dyad. Substitution of smaller side chains for either of these 
residues leads to addition of water, resulting in production of the hydroxylated variant of ent-
copalyl diphosphate, ent-copal-8-ol diphosphate. Whereas, substitution of aromatic residues 
for the His blocks water access, and stabilizes the carbocation intermediate, thereby 
facilitating rearrangement around the initially formed hydrocarbon bicycle, resulting in 
formation of (-)-kolavenyl diphosphate. These mutants provide insights into class II diterpene 
cyclase catalysis, represent novel enzymatic activities and illustrate how the plasticity of 
class II diterpene cyclases underlies the observed diversity of labdane-related diterpenoids, 
thus, uncovering the BASEs for catalysis.  
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CHAPTER 1: GENERAL INTRODUCTION 
 
Labdane-related diterpenoids 
 Labdane-related diterpenoids (LRDs) represent a highly diversified group of natural 
products with over 7,000 known.[1] These compounds are chemically distinct as they contain 
a bicyclic trans-decalin core ring structure resulting from dual cyclization reactions, instead 
of a single cyclization and/or rearrangement reaction.[2] This group of natural products is 
essential for plant growth and survival as they are involved in both primary and secondary 
metabolism in plants. The most well-known LRDs are the gibberellins (GAs), which function 
in plant primary metabolism as phytohormones that promote growth and development.[3] 
However, most of the diversified plant LRDs are secondary metabolites, which all serve to 
protect the plant from its environment such as phytoalexins, allelochemicals, 
chemoattractants and more.  
While these compounds have important roles in plants, they are also beneficial for 
humans and have many practical applications in several industries such as pharmaceutical 
and biotechnology. For example, the GAs are used to accelerate the malting process in the 
beer brewing industry and they are also used in the production of many fruit.[4] In addition, 
several LRDs are potential drug candidates such as oridonin, which inhibits tumor growth 
and induces cell cycle arrest,[5] and triptolide, which  is an anti-inflammatory agent and has 
many anti-tumor activities.[5]  Although these compounds have a variety of uses, one major 
drawback is that they are found in limited quantities inside plants. Therefore, developing 
methods to sustainably produce these compounds has been of great interest.  
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One such approach is through metabolic engineering of a natural or heterologous host 
for targeted production of these compounds. Previously, this has been mostly done by 
changing the enzyme concentrations in these pathways by overexpression and repression of 
biosynthetic enzymes. However, this has several limitations due to the functional promiscuity 
and poor catalytic properties of the enzymes involved in these pathways.[6] Therefore, 
understanding and dissecting the reaction and regulatory mechanisms of the enzymes 
involved in LRD biosynthesis are required to enable rational enzyme engineering to 
eliminate byproducts and optimize catalytic efficiencies in these enzymes. Thus, the ability to 
combine enzyme and metabolic engineering may lead to greater production of potential or 
already marketable LRD natural products.  
 
Biosynthesis of labdane-related diterpenoids 
 The biosynthesis of LRDs is generally thought to consist of 4 different steps as shown 
in Figure 1. The first step is producing the isopentenyl subunits, isopentenyl diphosphate 
(IPP) and dimethylallyl diphosphate (DMAPP). These subunits are produced from either the 
2C-methyl-D-erythritol 4-phosphate (MEP) pathway found in plastids or the mevalonic acid 
(MEV) pathway found in the cytosol in plants. Once the subunits have been produced, 
geranylgeranyl diphosphate synthase (GGPPS), a prenyl transferase, combines four of these 
subunits to produce the general diterpene precursor, (E, E, E)-geranylgeranyl diphosphate 
(GGPP).[7] The next step is cyclization of the acyclic GGPP substrate by a series of diterpene 
synthases (diTPSs). The first (bi)cyclization reaction is catalyzed by class II diterpene 
cyclases (diTPCs) and involves a protonation-initiated reaction converting GGPP into 
specific stereoisomers of labdadienyl/copalyl diphosphate (CPP). This reaction is 
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subsequently followed by another cyclization and/or rearrangement reaction initiated by 
pyrophosphate ionization and is catalyzed by class I diTPSs.[2, 8] Lastly, the hydrocarbon 
backbone that has been produced now serves as a scaffold for downstream tailoring enzymes, 
such as cytochrome P450s, which add numerous functional groups resulting in the final 
bioactive LRD.[9]  
 
Evolution of labdane-related diterpenoids 
 LRDs are a highly diversified group of natural products as evidenced by being 
comprised of over 7,000 known structures.[1] How this group of natural products diversified 
is interesting in terms of evolution. The biosynthesis of natural products involved in 
secondary metabolism is thought to be largely derived from primary metabolism.[10] 
Therefore, LRDs biosynthesis in plants originated from the GA biosynthetic pathway. As a 
result, the diTPSs involved in GA biosynthesis, which are found in all vascular plants, have 
undergone repeated evolution through gene duplications and neofunctionalizations 
generating new enzymes with novel catalytic capabilities. As implied by this scenario, the 
diTPSs must contain a high level of catalytic plasticity to readily create new enzymes and 
activities.[11] It is this catalytic plasticity within these groups of diTPSs that has become 
interesting in terms of metabolic and protein engineering. Understanding how these enzymes 
catalyze all these different reactions would provide opportunities to rationally engineer 
diTPSs with improved catalytic efficiencies or create diTPSs with novel catalytic activities, 
thereby increasing flux through the pathways resulting in increased yields and/or further 
diversifying this group of natural products. 
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Class II diterpene cyclases 
 The focus of this dissertation is on the diTPCs part of the LRDs biosynthetic 
pathway; in particular, uncovering the reaction mechanisms of these enzymes. Much research 
has been conducted to uncover the beginning parts of the mechanism; however how these 
enzymes terminate their reactions was unknown and is described in the following pages of 
this dissertation. 
The diTPCs use an acid/base mechanism and catalyze the cycloisomerization of the 
acyclic diterpene precursor, GGPP, to CPP as shown in Figure 2. The initiation of this 
complex reaction is performed by the middle aspartic acid from an invariably conserved 
DxDD motif by protonating the terminal C=C double bond of GGPP resulting in the 
formation of a carbocation.[12] Additionally, GGPP is oriented in the active site to allow 
double bonds within close proximity to each other. This enables the carbocation to swiftly 
move via a concerted mechanism through (bi)cyclization until the carbocation is stabilized on 
C-8 producing the intermediate known as labda-13-en-8-yl+. After this intermediate is 
formed, the next step is deprotonation of a C-19 methyl group producing an exocyclic double 
bond and lastly CPP.[2] This reaction sequence represents the most commonly observed 
reaction in diTPCs, but the deprotonation mechanism was not understood. This is in part due 
to the four different stereoisomers of CPP that can be produced by diTPCs, which suggests 
that the catalytic base must be in a different position relative to the DxDD motif, making 
identification of the base difficult. 
 The acyclic substrate GGPP can adopt four prochiral conformations prior to catalysis 
resulting in four different stereoisomers of CPP as shown in Figure 3. The first two 
stereoisomers of CPP observed occur when GGPP attains a pro-chair-chair conformation. 
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The first stereoisomer is called “normal” CPP (9S, 10 S), which is named by analogy to the 
A/B rings in cholesterol biosynthesis. Then, the exact enantiomer of CPP is called ent-CPP 
(9R, 10R), which is the most commonly observed variant of CPP, as it is involved in GA 
biosynthesis. The last two stereoisomers of CPP observed occur when GGPP attains a pro-
chair-boat conformation. The third stereoisomer is termed syn-CPP (9S, 10R), as a result of 
syn arrangement of the hydride and methyl moieties at the C-9—C10 bonds. Lastly, the exact 
enantiomer of this would be syn-ent-CPP (9R, 10S). Altogether, these constitute the four 
(normal, ent, syn, or syn-ent) different stereoisomers of CPP that are observed.[2]    
 In addition to different stereochemistries, diTPCs are capable of catalyzing different 
modes of termination as shown in Figure 4. Although the termination mechanisms are 
different, they do share the same proton-initiated (bi)cyclization mechanism and the common 
intermediate, labda-13E-en-8-yl+, and it is at this intermediate where the different modes of 
termination can occur.  
First, rather than direct base deprotonation at the C-19 methyl group, the carbocation 
at C-8 can be captured by water, which generates an oxycarbenium ion and subsequently 
deprotonated resulting in hydroxylated variants of CPP called labda-13E-en-8-ol 
diphosphate, with the hydroxyl in either the  or position.[2] Recently, several groups have 
characterized several such diTPCs.[13] However, all the characterized diTPCs to date catalyze 
this reaction with “normal” stereochemistry and primarily produce the  epimer called labda-
13E-en-8-ol. No enzymes have been characterized to date that catalyze the hydroxylated 
variants of ent, syn, or syn-ent-CPP stereochemistries and mechanistically how this 
hydroxylation occurs was unknown. 
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The next termination mode occurs at the C-8 carbocation as well. Rather than direct 
deprotonation or water quenching, a series of 1,2-hydride and methyl shifts can occur and 
eventual base deprotonation producing rearranged compounds such as the halimadanes or the 
clerodanes. The difference between these sets of compounds depends on the level of 
rearrangement, with the clerodanes further rearranged as a result of an extra methyl shift 
compared to the halimadanes. The enzymes that have been characterized to date that catalyze 
these reactions are actually of bacterial origin, no plant diTPC have been shown to catalyze 
such reactions. The characterized enzymes only perform these reactions in either “normal” 
stereochemistry, producing the halimadane called halimadienyl diphosphate, or syn 
stereochemistry, producing the clerodane called terpentedienyl diphosphate.[14] Once again, 
no enzymes have been characterized to date that catalyze the formation of the rearranged 
version of ent or syn-ent-CPP stereochemistries and mechanistically how these reactions 
occur was unknown as well. 
 
Structure of ent-copalyl diphosphate synthase from Arabidopsis thaliana involved in GA 
biosynthesis 
 Ent-copalyl diphosphate synthase (CPS) is the diTPC involved in GA biosynthesis in 
Arabidopsis thaliana (AtCPS), which is the only diterpenoid pathway found in this plant. 
The crystal structure of this enzyme was recently solved in a collaboration with Professor 
David Christianson at the University of Pennsylvania.[15] The structure is consistent with 
other solved crystal structures of plant diTPSs.[16, 17] These enzymes are mostly comprised of 
alpha helices and are modular in structure in that they contain 3 domains called gamma, beta 
and alpha domains.[17, 18] The class II active site lies between the gamma and beta domains, 
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whereas the class I active site lies in the alpha domain. However, AtCPS only contains class 
II activity as its class I active site is inactive because it lacks the metal binding motifs 
necessary for ionization of the pyrophosphate moiety.[15] 
 The crystal structure of AtCPS was solved with a bound substrate analogue. The 
acyclic substrate analogue is (S)-15-aza-14,15-dihydrogeranylgeranyl thiolodiphosphate. The 
15-aza group of this analog does bind near the DxDD motif, which may imitate the proton-
initiation step in the catalyzed reaction. Also, the pyrophosphate tail extends out of the active 
site and a number of important residues have been implicated in substrate binding.[15] 
However, the analog is complexed in a linear fashion and does not provide much information 
for the latter stages of the (bi)cyclization or deprotonation mechanisms. 
 Regardless of this, this crystal structure does depict an accurate representation of the 
active site for AtCPS. In addition, it is a high resolution crystal structure (2.25Ǻ) which 
shows both the side chains of amino acid residues and bound water molecules. Therefore, 
this crystal structure along with multiple sequence alignments can guide experiments aimed 
to determine the catalytic base inside the active site along with other important conserved 
residues and begin to uncover the complete reaction mechanism for AtCPS.  
 
Organization of the dissertation and author contribution 
 This dissertation presents a body of work incorporating various techniques and 
approaches to elucidate the enzymatic basis for termination in the diTPC reaction. With 
guidance from the solved crystal structure and multiple sequence alignments, I performed 
site-directed mutagenesis on the ent-copalyl diphosphate synthase from Arabidopsis thaliana 
involved in GA biosynthesis and identified a catalytic base group consisting of two residues 
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ligating a water molecule, the base. Furthermore, by incorporating simple amino acid 
changes for the two residues from the catalytic base group, I introduced two novel activities 
into this enzyme. I purified the novel compounds for structural determination by NMR and 
optical rotation when needed. Jared Criswell initiated the project by generating the first 
mutant in AtCPS discussed in chapter 2. Dr. Jiachen Zi carried out the NMR experiments in 
chapters 2 and 3. Our collaborators, Professor Dean Tantillo and Young Hong, performed the 
quantum chemical calculations using a theozyme based approach for the rearranged reaction 
catalyzed by an aromatic mutant in AtPCS discussed in chapter 3. Chapter 4 describes the 
evolution of diTPSs involved in GA biosynthesis, such that bacteria and plant diTPSs share a 
common origin, while the fungal diTPSs represent convergent evolution. Chapter 5 describes 
novel enzymatic activity obtained in the rice syn-copalyl diphosphate synthase from site-
directed mutagenesis experiments. I purified the novel compound for structural determination 
by NMR. Meirong Jia performed the NMR experiments. The final chapter discusses the 
implications of this body of work and the future directions involving diTPCs. Appendix A 
contains a table of the mutants I constructed during my studies. Lastly, appendices B and C 
are published papers from previous lab members in which I collaborated with by constructing 
some of the mutants used in their papers. During the course of my studies, I trained several 
undergrads, Alisha Stubbs, Brandi Malchow and Sam Schulte, and they assisted me with 
constructing several mutants, many of which are shown in chapters 2, 3, 4 and in Appendix 
A. 
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Figures 
 
 
 
Figure 1: The biosynthesis of LRDs. Shown here is the GA biosynthetic pathway from 
plants. 
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Figure 2: The reaction mechanism for class II diterpene cyclases known to date.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: The four different stereoisomers of CPP that are produced by diTPCs. 
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Figure 4: The alternative modes of termination observed in diTPCs. 
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CHAPTER 2: NOVEL PRODUCT CHEMISTRY FROM MECHANISTIC ANALYSIS OF 
ENT-COPALYL DIPHOSPHATE SYNTHASES FROM PLANT HORMONE 
BIOSYNTHESIS 
 
A paper published in Angewandte Chemie International Edition (2014) 53(28): 7198-7202 
Kevin Potter, Jared Criswell, Jiachen Zi, Alisha Stubbs, and Reuben Peters*1 
 
Abstract 
An active-site water molecule coordinated by conserved histidine and asparagine 
residues seems to serve as the catalytic base in all ent-copalyl diphosphate synthases (CPSs). 
When these residues are substituted by alanine, the mutant CPSs produce stereochemically 
novel ent-8-hydroxy-CPP. Given the requisite presence of CPSs in all land plants for 
gibberellin phytohormone biosynthesis, such plasticity presumably underlies the observed 
extensive diversification of the resulting labdane-related diterpenoids. 
Introduction 
The biosynthesis of natural products has been suggested to be largely derived from 
hormone metabolism.1 For example, production of labdane-related diterpenoids by plants is 
derived from gibberellin phytohormone biosynthesis.2 Giberellin production is initiated by a 
cycloisomerization reaction which transforms the general diterpenoid precursor (E,E,E)-
geranylgeranyl diphosphate (GGPP; 1; see Scheme 1) into ent-copalyl diphosphate (ent-CPP; 
2). This reaction is catalyzed by ent-CPP synthases (CPSs), which are ubiquitously found in  
1 Department of Biochemistry, Biophysics and Molecular Biology, Iowa State University, Ames, IA, 50011, USA 
* Corresponding author: 4216 Mol. Biol. Bldg, Ames, IA, 50011, E-mail:rjpeters@iastate.edu 
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all vascular plants, thus providing a source for repeated evolution of more specialized 
labdane-related diterpenoid biosynthesis, as evidenced by the fact that the vast majority of 
the approximately 7000 known such natural products are uniquely produced by plants.2 
Intriguingly, although it is known that evolutionarily derived class II diterpene synthases can 
incorporate water into their reactions, thus producing a chemically altered (hydroxylated) 
analogue of CPP, these also all differ in stereochemistry (e.g., 8α-hydroxy-CPP, 3).3 
Accordingly, formation of hydroxylated ent-CPP would represent a novel enzymatic product. 
Herein we report identification of the CPS catalytic base group as a water molecule activated 
by a histidine-asparagine dyad, and substitution of either residue by alanine leads to 
production of an epimeric pair of 8-hydroxylated-ent-CPPs (4 and 5). 
The characteristic feature of the labdane-related diterpenoid superfamily of natural 
products is their biosynthetic origins in a bicyclization reaction catalyzed by class II 
diterpene cyclases. This feature directly results in formation of a labdadienyl hydrocarbon 
backbone, thus leading to the unifying nomenclature.2 The underlying enzymatic mechanism 
relies on acid-base catalysis, by initiating protonation of the terminal carbon–carbon double 
bond and sequential cyclization by addition from the internal double bonds in a carbocationic 
cascade, followed by deprotonation (Scheme 1). While this sequence can simply take the 
form of a cycloisomerization reaction, as indicated by the designation of CPSs as isomerases 
(EC 5.5.1.13), the reaction also is amendable to the addition of water prior to deprotonation, 
thus leading to formal designation of the relevant class II diterpene cyclases as hydratases 
(EC 4.2.1.133). However, these cyclohydratases also differ in their sterochemical outcome, 
which stems from precatalysis folding of the substrate 1 in a ‘normal’ pro-chair-chair 
conformation rather than the antipodal conformation leading to the ent-CPP produced by 
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CPSs en route to the gibberellins.2 Thus, while the CPSs produce 2 (9R, 10R), all of the 
characterized class II diterpene cyclo-hydratases (i.e. those that produce hydroxylated 
analogues), despite many exhibiting clear homology to CPSs, produce 3 (9S, 10S) instead. 
Class II diterpene cyclases are characterized by a (D,E)xDD motif, wherein the 
middle aspartic acid residue acts as the catalytic acid.4 By contrast, there does not appear to 
be a similarly well-conserved residue which acts as the catalytic base, perhaps in part due to 
the variation in substrate conformation underlying the production of different stereoisomers 
of CPP, which presumably requires different relative positioning of the catalytic acid and 
base.2 Thus, the catalytic base might be conserved by the stereochemical product outcome. 
Building on our recently reported crystal structure for the bifunctional abietadiene 
synthase from Abies grandis (AgAS),5 we have recently reported that histidine 348 may 
function as the catalytic base.3h However, this function is limited to the closely related 
bifunctional diterpene synthases from gymnosperms (all of which produce normal CPP),6 as 
a histidine is not found at this position in other class II diterpene cyclases, including the only 
known ent-CPP-producing CPS from a gymnosperm, that is, the CPS from Picea glauca 
(PgCPS).7 Intriguingly, substitutions for this histidine lead to incorporation of water into the 
usually catalyzed cycloisomerization reaction, with mutation to either alanine or, more 
specifically, aspartate, thus leading to cyclohydratase activity.3h However, the AgAS:H348A 
and H348D mutants presumably catalyze the production of 3 with the normal (9S,10S) 
stereochemistry, which is common among all of the previously characterized class II 
diterpene cyclohydratases. 
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Crystal structures also have been reported for the CPS from Arabidopsis thaliana 
(AtCPS).8 Careful inspection of these revealed the presence of an active-site histidine (H263 
in AtCPS), which differs in positioning from the critical histidine characterized in AgAS, but 
is conserved in all the known ent-CPP-producing CPSs, including those from the monocot 
rice (Oryza sativa; e.g., OsCPS1),9 as well as the gymnosperm PgCPS,7 and even a 
bifunctional diterpene cyclase from the moss Physcomitrella patens (PpCPSKS),10 thus 
representing over 450 million years of evolutionary separation (Figure 1).11 
Much as with AgAS,3h we initially hypothesized that this histidine might be the 
catalytic base. Accordingly, we substituted this histidine in AtCPS with alanine, thus creating 
an AtCPS:H263A mutant. Rather than the loss of catalytic activity which might have been 
expected, this substitution led to significant production of two novel hydroxylated products, 
along with some production of 2, either from in vitro reactions with 1, or upon expression in 
E. coli metabolically engineered to produce 112 (Figure 2). The two new compounds, were 
detected by GC-MS, after dephosphorylation, and exhibited identical retention times and 
mass spectra to the previously reported pair of 8-hydroxy epimers of labda-13E-en-8,15-diol 
(see Figure S1 in the Supporting Information),3i thus demonstrating cyclohydratase activity. 
This activity was further verified by NMR analysis of the epimer corresponding to the major 
product 4 (see Table S1 and Figures S2 and S3). 
Our previous results with AgAS suggested that it might be possible to divert AtCPS 
more completely to cyclohydratase activity by substitution with aspartate instead of alanine.3h 
Accordingly, we substituted aspartate for H263 in AtCPS. However, the resulting 
AtCPS:H263D mutant failed to exhibit any cyclohydratase activity, although it retained the 
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ability to produce 2 (see Figure S4). This result clearly differentiates the role of the critical 
CPS-specific histidine identified here from that previously found in AgAS. 
Careful inspection of the AtCPS crystal structure revealed that H263 is hydrogen 
bonded to a water molecule which is also held in place by a hydrogen bond to an active-site 
asparagine (N322 in AtCPS). This asparagine is also well conserved in ent-CPP-producing 
CPSs (Figure 1), and is consistent with a role in catalysis. Substitution of this conserved 
asparagine with alanine led to cyclohydratase activity with AtCPS:N322A, as well as 
AtCPS:H263A/N322A, both of which similarly produce the 8-hydroxy epimers observed 
with AtCPS:H263A (Figure 2). These results indicate that the actual base in the 
cycloisomerization reaction catalyzed by CPSs is the tightly bound water (i.e., this water is 
activated by a catalytic His-Asn dyad, thus forming a catalytic base group). We hypothesize 
that, in the absence of either or both ligating residues, this water is then directly added to the 
labda-13E-en-8-yl carbocation intermediate, with the resulting oxacarbenium ion quenched 
by deprotonation catalyzed by H263 in the case of the AtCPS:N322A mutant, or by an 
additional water molecule in the case of alanine substitution for AtCPS:H263 (i.e., with 
H263A or H263A/N322A). To verify that the observed cyclohydratase activity was enabled 
by this latter hypothesized steric effect (i.e., opening up of the active site), we substituted 
valine and isoleucine for AtCPS:H263. While the AtCPS:H263V mutant retained some 
ability to make 4 as well as 2, the AtCPSH263I mutant is largely inactive, although it does 
make trace amounts of 4 (see Figure S5), and is consistent with the hypothesis that 
cyclohydratase activity requires suitable space for an additional water molecule to bind (i.e., 
while sufficient steric volume might be available with these latter mutants, the hydrophobic 
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effect of these larger aliphatic side chains makes occupation by a water increasingly 
unlikely). 
Given that AtCPS produces ent-CPP, we hypothesized that the compounds observed 
here were actually enantiomeric, that is, ent-labda-13E-en-8,15-diols (e.g., eperu-13-en-
8β,15-diol13), and resulted from dephosphorylation of 8-hydroxy-ent-CPP, rather than the 
previously observed normal (9S,10S) isomers (e.g., 3). This stereochemistry was investigated 
by enzymatic feeding studies, thus using the previously reported specificity of the 
bifunctional cis-abienol synthase from Abies balsamea (AbCAS), as this has been shown to 
specifically react with only 3.3g Based on previous work,4, 14 the endogenous class II activity 
of AbCAS was blocked by mutation of the aspartate which acts as the catalytic acid (i.e., the 
“middle” aspartate from the highly conserved DxDD motif4) to an alanine. The resulting 
AbCAS:D405A mutant does not react with 1, but will react with 3 produced by either a 
previously characterized class II diterpene cyclohydratase from Nicotiana glutinosa 
(NgCLS), or the AgAS:H348D mutant (with additional D621A mutation to prevent any 
further reaction from its endogenous subsequently acting class I activity),3h but does not react 
with any product of the AtCPS cyclohydratase mutants (see Figure S6). These results 
demonstrate the expected retention of stereochemistry for the AgAS and, more critically, 
AtCPS cyclohydratase mutants as well. Notably, the hydroxylated products from the AtCPS 
mutants then exhibit an enantiomeric configuration, and appears to be the first example of a 
class II diterpene cyclohydratase producing this 9R,10R stereoisomer, specifically both 8β-
hydroxy-ent-CPP (4) and 8α-hydroxy-ent-CPP (5). 
 
19 
 
 
 
Although there is a substrate analogue bound in the active site of the AtCPS crystal 
structures, this is clearly not in a reactive conformation.8 Nevertheless, analysis of the 
products of the AtCPS cyclohydratase mutants presented here provides some indication of 
the positioning of the water molecule relative to the labda-13E-en-8-yl carbocation 
intermediate (Scheme 2). The production of both 8-hydroxy epimers demonstrates access to 
both faces of this final carbocation, with the relatively greater epimeric specificity exhibited 
by AtCPS:N322A relative to either AtCPS:H263A or AtCPS:H263A/N322A, thus indicating 
that H263 hinders access to the bottom face of the labda-13E-en-8-yl carbocation 
intermediate. This access contrasts to the product outcome mediated by the AgAS:H348A 
mutant, which more selectively produces the 8α-epimer, 3, along with appreciable amounts 
of the 7,8-double-bond isomer of CPP,3h and thus indicates a subtle difference in relative 
positioning of the base in the CPSs versus gymnosperm enzymes. Intriguingly, these results 
suggest it may be possible to make other product variants through other active-site 
substitutions (e.g., the 8,9-double-bond isomer, which has not been seen before). 
In any case, the ability of simple alanine substitutions, for the histidine and/or 
asparagine of the catalytic base group, identified here to fundamentally alter product 
chemical outcome demonstrates striking plasticity for the CPSs ubiquitously found in all land 
plants. Coupled to the previously demonstrated plasticity of the subsequently acting class I 
diterpene synthases,15 this highlights the ability of simple single-residue changes to generate 
new chemical diversity from the enzymes required for gibberellin phytohormone 
biosynthesis. For example, the ability of the CPS mutants, characterized here, to produce 
novel hydroxylated versions of CPP hold the promise of leading to the additional production 
of more elaborated compounds such as enantiomeric forms of cis-abienol, sclareol, or 
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manoyl oxide (Scheme 3). Indeed, this plasticity presumably led to the observed extensive 
diversification of labdane-related diterpenoids in plants. 
 
Experimental Section 
The recombinant AtCPS used here was expressed as a previously described 
pseudomature construct.16 Mutants were generated by whole-plasmid PCR amplification with 
overlapping mutagenic primers of pENTR/SD/d-TOPO (Invitrogen) clones, and verified by 
complete gene sequencing prior to transfer by directional recombination to expression 
vectors (pDEST17 and pGG-DEST). The resulting constructs were heterologously expressed 
in the C41 OverExpress strain of Escherichia coli (Lucigen), much as previously described.17 
Briefly, the recombinant E. coli were grown in liquid NZY media to 0.6 A600 at 37 °C, then 
shifted to 16 °C for an hour prior to induction with 0.5 mm IPTG, followed by fermentation 
at 16 °C. For in vitro assays, the enzymes were expressed as pDEST17 6xHis tagged 
constructs for ease of purification, which was accomplished much as previously described.18 
Briefly, cells from overnight fermentation were harvested by centrifugation, lysed by gentle 
sonification in lysis buffer (50 mm Bis-Tris, pH 6.8, 150 mm KCl, 10 mm MgCl2, 1 mm 
DTT, 10 % glycerol), with the resulting lysate clarified by centrifugation (15 000 g×20 min. 
at 4 °C). The tagged enzymes were purified over Ni-NTA His-bind resin (Novagen), in batch 
mode, washing with 20 mm imidazole and elution by 250 mm imidazole in column buffer 
(50 mm Bis-Tris, pH 6.8, 1 mm DTT). Enzymatic assays for class II activity were carried out 
much as previously described.19 Enzymatic products also were investigated by expression 
from pGG-DEST based constructs in our previously described modular metabolic 
engineering system,12 which couples production of GGPP in E. coli with further engineering 
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to flux into isoprenoid metabolism,20 as depicted in Figure 2 and Figures S1–S4. Briefly, the 
products resulting from 3 day fermentations of 50 mL cultures were extracted with an equal 
volume of hexanes, which was dried under N2, resuspended in 1 mL fresh hexanes, and then 
filtered prior to analysis by gas chromatography with mass spectra detection (GC-MS), using 
a 3900 GC with Saturn 2100T ion trap MS (Varian) equipped with HP5 ms column 
(Agilent), as previously described.21 
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Figures 
 
 
 
 
Scheme 1. Reactions mediated by known class II diterpene cyclo-isomerases (e.g., 2) and 
cyclo-hydratases (i.e., 3), along with the novel products found here (4 and 5). 
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Figure 1: Identification of catalytic base group, consisting of water activated by the 
conserved active-site histidine and asparagine in CPSs. A) Active site of AtCPS (cartoon 
format) showing side chains of the identified histidine and asparagine with a bound water 
molecule (red sphere) as well as the aspartates of the DxDD catalytic acid motif, in stick 
representation. B) Conservation of the histidine and asparagine (boxed) in CPSs spanning 
land plant evolution, as indicated by alignment of the representative examples described in 
text. 
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Figure 2: Effect of H263A, N322A, and H263A/N322A mutations on the AtCPS product 
outcome. Chromatograms from GC-MS analysis of the dephosphorylated products 
(numbering as in text). 
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Scheme 2: The role of water in the reactions catalyzed by wild-type AtCPS or the 
H263A/N322A mutant. 
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Scheme 3: Potential diterpenoids which might be produced from 4. 
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Supplementary Information 
 
 
 
 
 
Figure S1: GC-MS based comparison of dephosphorylated AtCPS:H263A products with the 
pair of 8-hydroxy epimers of CPP previously reported from a tobacco species (Nicotiana 
glutinosa) cyclo-hydratase, NgCLS (ref. 3i). Also shown are the inferred direct enzymatic 
products, with numbering as defined in the text and 6 defined here as 8β-hydroxy-CPP. 
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Experimental NMR analysis 
This was carried out much as previously described (ref. 3h). Briefly, to isolate sufficient 
amounts of ent-labd-13E-en-8,15-diol for conformation by NMR spectral analysis, 2 x 1 L 
cultures were fermented, extracted twice with an equal volume of hexanes, with the phases 
separated in a separatory funnel, and the pool hexanes dried by rotary evaporation. The 
resulting extract was redissolved in 10 mL fresh hexanes and purified using a Reveleris 
automated flash chromatography system. The resulting fractions were analyzed by GC-MS, 
and that containing the targeted ent-labd-13E-en-8,15-diol dried under N2, yielding ~1.5 
mg, which was redissolved in 0.5 mL CDCl3. This sample was analyzed by NMR, using a 
Bruker Avance 700 spectrometer equipped with a 5-mm HCN cryogenic probe for 1H and 
13C, one-dimensional 1H acquired at 700 MHz, and one-dimensional 13C acquired at 174 
MHz using standard experiments from the Bruker TopSpin version 1.4 software. Chemical 
shifts were referenced using known chloroform (13C 77.23, 1H 7.24 ppm) signals offset from 
TMS (Table S1), and compared to those we previously found for the enantiomer (ref. 3h).  
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Table S1: 1H and 13C NMR data for ent-labd-13E-en- -diol  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Position H C 
1a 
1b 
1.57 (1H, m) 
0.89 (1H, dd, J = 11.8, 3.6 Hz ) 
40.3 
2a 
2b 
1.51 (1H, dt, J = 13.6, 3.6 Hz) 
1.35 (1H, m) 
19.0 
3a 
3b 
1.30 (1H, m) 
1.07 (1H, dd, J = 13.6, 3.6 Hz) 
42.6 
4  33.8 
5 0.84 (1H,dd, J = 12.2, 2.0 Hz) 56.7 
6a 
6b 
1.57 (1H, m) 
1.19 (1H, m) 
21.2 
7a 
7b 
1.78 (1H, br.d, J = 12.6Hz) 
1.30 (1H, m) 
45.2 
8  74.7 
9 0.97 (1H, t, J = 3.6 Hz) 61.9 
10   
11a 
11b 
1.45 (1H, m) 
1.31 (1H, m) 
24.2 
12 2.01 (2H, m) 43.5 
13  141.7 
14 5.36 (1H, t, J = 7.0 Hz ) 123.7 
15 4.07 (2H, t, J = 7.8 Hz ) 60.0 
16 1.61 (3H, s) 17.1 
17 1.05 (3H, s) 24.5 
18 0.79 (3H, s) 34.0 
19 0.70 (3H, s) 22.1 
20 0.71 (3H, s) 16.1 
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Figure S2: 1H 1D spectrum (black) with comparison to that previously recorded for labd-
13E-en-8,15-diol (blue; ref. 3h).  
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Figure S3: 13C 1D spectrum (black) with comparison to that previously recorded for labd-
13E-en-8,15-diol (blue; ref. 3h). 
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Figure S4: Effect of H263D mutation on AtCPS 
product outcome. Chromatograms from GC-MS 
analysis of the dephophorylated products (numbering 
as in text).  
 
 
 
 
 
Figure S5: Effect of larger aliphatic residue 
substitutions for AtCPS:H263. Chromatograms from 
GC-MS analysis of the dephophorylated products 
(numbering as in text).  
 
 
 
 
 
 
 
Figure S6: AtCPS:H263A produces enantiomeric 8-
hydroxy-CPP. Chromatograms from GC-MS analysis 
of extracts from dephosphorylated products from 
reactions with the indicated enzyme(s). A) Mutation 
of “middle” aspartate from the DxDD motif knocks-
out class II diterpene cyclase/hydratase activity of 
Abies balsamea cis-abienol synthase 
(AbCAS:D405A). B) Production of 8-hydroxy-CPP 
(3) by NgCLS enables AbCAS:D405A to produce 
cis-abienol (7). C) Similarly, AgAS:H348D/D621A 
also produces 3, leading to the production of 7 by 
AbCAS:D405A. D) AtCPS:H263A mutant products 
(e.g., 4) are not further reacted upon by 
AbCAS:D405A, demonstrating a clear difference in 
stereochemistry.  
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CHAPTER 3: AROMATIC REPLACEMENT OF THE CATALYTIC BASE FROM A 
PLANT ENT-COPALYL DIPHOSPHATE SYNTHASE LEADS TO PRODUCT 
REARRANGEMENT 
 
Kevin Potter,1 Jiachen Zi,1 Young J. Hong,2 Brandi K. Malchow,1 Dean J. Tantillo,2 and 
Reuben Peters*1 
Abstract 
Labdane-related diterpenoids (LRDs) form a large class of natural products whose 
biosynthesis is initiated by class II diterpene cyclases. These enzymes catalyze protonation-
initiated cationic-driven bicyclization reactions. Direct deprotonation leads to formation of 
the eponymous intermediate labdadienyl/copalyl diphosphate. However, class II diterpene 
cyclases also can catalyze 1,2-hydride and methyl shift mediated rearrangement of the 
initially formed bicycle, although how this is accomplished has been unclear. Here we report 
that replacement of a cata-lytic histidine in the ent-copalyl diphosphate synthase from 
Arabidopsis thaliana with an aromatic residue enables cyclization while blocking direct 
deprotonation, leading to predominant formation of a fully rearranged product, (-)-kolavenyl 
diphosphate. Quantum chemical calculations indicate a role for the aromatic group in 
rearrangement. Thus, our results represent novel enzymatic activity, and provide mechanistic 
insight into the formation of rearranged terpenoids, which seem to stem, at least in part, from 
the intrinsic reactivity of the poly-isoprenyl precursors. 
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Introduction 
Labdane-related diterpenoids (LRDs) form a large superfamily of natural products, 
with over 7,000 compounds known, which are characterized by their class II diterpene 
cyclase dependent biogenetic origins.1 The vast majority of LRDs are exclusively found in 
plants, stemming from repeated evolutionary diversification of the enzymes involved in 
gibberellin phytohormone biosynthesis – i.e., via gene duplication and neofunctionalization, 
particularly of the diterpene synthases.2 As implied by this evolutionary scenario, these 
diterpene synthases must exhibit catalytic plasticity that enables new products to readily 
arise. Consistent with this hypothesis, we have previously shown that single residue changes 
can lead to substantial alteration of product outcome in these enzymes.3-7  
Class II diterpene cyclases initiate LRD biosynthesis by catalyzing 
cycloisomerization of the general diterpenoid precursor (E,E,E)-geranylgeranyl diphosphate 
(GGPP, 1). This bicyclization reaction utilizes an acid/base mechanism, employing a highly 
conserved DxDD motif, wherein the middle aspartate protonates the terminal carbon-carbon 
double bond (C=C) of 1.8 The reaction then proceeds through a series of tertiary 
carbocationic intermediates involving sequential anti cyclo-addition from the two internal 
C=C bonds, leading to the bicyclic (trans-decalin) intermediate labda-13E-en-8-yl+. 
Typically this intermediate is deprotonated at C17 to yield copalyl diphosphate (CPP), which 
can differ in stereochemistry – e.g., the (9R,10R) ent-CPP (2) relevant to gibberellin 
biosynthesis.1 However, other product outcomes are possible. Particularly relevant here, 
rather than deprotonation to produce CPP, a sequence of 1,2-hydride and methyl shifts can 
transpire, resulting in new skeleton backbones such as the fully rearranged clerodanes 
(Scheme 1).1 Although class II diterpene cyclases have been characterized that produce 
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rearranged LRDs from bacteria,9,10 none are known from plants, and the enzymatic basis for 
such rearrangement is not known. 
By analogy to the structurally and mechanistically homologous triterpene 
cyclases,11,12 the protonation-initiated reaction catalyzed by class II diterpene cyclases 
presumably relies on anchimeric assistance from the internal C=C double bonds, and 
possibly also an electron-rich base, such that protonation may be concerted with 
bicyclization, and potentially deprotonation as well. In a previous report, based on previously 
determined crystal structures,13,14 we identified the catalytic base group in the ent-copalyl 
diphosphate synthase from Arabidopsis thaliana (AtCPS).7 This group is composed of an 
activated water ligated between His and Asn residues conserved in all CPSs involved in 
gibberellin plant hormone biosynthesis (H263 and N322 in AtCPS). Substitution of alanine 
for either residue, or both, led to formation of ent-labda-13E-en-8-ol diphosphates resulting 
from addition of water to the ent-labda-13E-8-yl+ intermediate.7 Notably, both epimers (8- 
and 8- hydroxyls, 4 and 5, respectively) were found, which indicates that quenching of this 
intermediate is not concerted with protonation and bicyclization, and that ent-labda-13E-8-
yl+ is a discrete intermediate. Nevertheless, substitution of larger aliphatic residues for the 
His lead to increasingly inactive enzymes, suggesting that a correctly positioned electron-rich 
group (e.g., water) is required in order for the reaction to be initiated. Hypothesizing that 
aromatics might provide such functionality, enabling bicyclization potentially followed by 
rearrangement given the lack of a general base, we substituted Phe or Tyr for the catalytic His 
(AtCPS:H263F and AtCPS:H263Y). Strikingly, novel enzymatic activity is observed, either 
in vitro or through expression in E. coli also engineered to produce 1 (Figure 1).15 The new 
compound, following dephosphorylation and analysis by GC-MS, exhibited a mass spectra 
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similar to the rearranged clerodane produced by a bacterial terpentedienyl diphosphate 
synthase.9 However, these exhibited different retention times, demonstrating some 
(stereo)chemical difference between these compounds (Figure S1, Supporting Information 
(SI)). Therefore, approximately 1.5 mg of the dephosphorylated compound was purified and 
its structure investigated by NMR. This was found to correspond to a neo-clerodane,16 with 
comparison to previously reported spectral data and optical rotation demonstrating that this 
was (-)-kolavenol (see Table S1 and Figures S2–S4, SI).17-19 Therefore, these mutants, 
AtCPS:H263F and, particularly AtCPS:H263Y, produce (-)-kolavenyl diphosphate (KPP, 3) 
and, thus, lead to novel product outcome.  
Formation of KPP requires removal of a proton from the same carbon that is 
protonated to initiate the bicyclization reaction. This suggests that the same proton used to 
initiate bicyclization might be removed following the subsequent rearrangement. To test this 
mechanistic hypothesis, we performed labeling studies with in vitro enzymatic assays in D2O 
with wild-type and the H263Y mutant enzymes. Upon overnight incubation, 
dephosphorylation of the products, and analysis by GC-MS, it was found that kolavenol 
derived from 3 produced by the mutant enzyme in D2O retained a molecular weight of 290 
Da - i.e., deuterium is not incorporated, while ent-copalol derived from 2 formed by the wild-
type enzyme in D2O exhibited a molecular weight of 291 Da – i.e., as expected, deuterium is 
incorporated (Figure S5, SI). This result demonstrates that formation of 3 proceeds via 
removal of the same proton originally added to initiate (bi)cyclization. Although we have not 
ruled out other possible bases (e.g., another water molecule), it seems likely that the middle 
aspartate of the DxDD motif (D379 in AtCPS) that acts as the catalytic acid also acts as the 
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catalytic base to remove the proton in formation of 3. This would imply that it is the absence 
of any other suitably positioned general base that leads to full rearrangement. 
These results provide insights into the overall reaction mechanism of class II 
diterpene cyclases, and more importantly how rearrangements occur. In our experiments we 
show that substitution of aromatics for His263 can largely block deprotonation of the ent-
labda-13E-en-8-yl+ intermediate, yet still promote protonation and bicyclization by enforcing 
folding of 1 into a conformation that may offer anchimeric assistance and stabilize this 
carbocation intermediate through cation- interactions.20 All of this appears to be required for 
formation of 3 to take place, as substitution of increasingly larger aliphatic residues (Gly, Ala, 
Val, Ile) for His263, simply resulted in decreasing levels of activity. Although this may be 
due in part to improper folding (of the protein and/or substrate), no rearranged compounds 
were detected from reactions with any of these mutants.7 Notably, the AtCPS:H263Y mutant 
leads to greater production of KPP (3), apparently at the expense of ent-labda-13E-en-8α-ol 
diphosphate (4). We speculate this is due to the ability of the hydroxyl group of the tyrosine 
to form a hydrogen bond with N322, generating a more stable enzyme and/or, possibly even 
more importantly, increased effectiveness in blocking the binding of water at this position in 
the active site (Scheme 2 and Figure S6, SI).  Also, the Tyr hydroxyl group leads to a more 
negative π-surface (i.e., relative to phenylalanine),21 which may further stabilize the ent-
labda-13E-en-8-yl+ intermediate, allowing rearrangements to occur. Altogether this supports 
the suggested functions of aromatic residues in enabling the production of 3. 
Formation of the fully rearranged 3 almost certainly also depends the intrinsic 
reactivity of the poly-isoprenyl substrate 1. The addition of a C=C double bond to a 
carbocation to form a cyclohexane is exothermic by approximately -20 kcal mol-1.22 Thus, the 
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catalyzed (bi)cyclization is expected to be highly exothermic, such that formation of the ent-
labda-13E-en-8-yl+ intermediate is essentially irreversible (which is borne out by our 
preliminary quantum chemical calculations, QCC). The uniform (trans) configuration of the 
two internal C=C bonds in 1 along with their use in sequential anti cyclo-additions leads to 
trans-decalin geometry in the ent-labda-13E-8-yl+ intermediate, and permits a series of 
antiparallel 1,2-hydride and methyl migrations via tertiary carbocations.  
These rearrangements were probed by quantum chemical calculations (see SI for 
details), the application of which to terpene reactions has been validated.23,24 The relevant 
intermediates begin with ent-labda-13E-8-yl+ (A; Figure 2), which undergoes 1,2-hydride 
migration to form the corresponding 9-yl+ (B), with subsequent 1,2-methyl migration 
forming an ent-halima-13E-en-10-yl+ (C), another 1,2-hydride migration forms the 
corresponding 5-yl+ (D), and subsequent 1,2-methyl migration forms the fully rearranged 
ent-clerodan-13E-en-4-yl+ (E). Notably, QCC analysis predicts that the barriers for the 
leading H/Me/H 1,2-shifts are 2-7 kcal/mol, with only small differences in energy for the 
corresponding intermediates (i.e., A–D), while there is a substantial energetic barrier of 
nearly 15 kcal/mol to the final Me shift, and formation of E is highly endothermic, 
approximately +12 kcal/mol relative to D. Intriguingly, these results suggest that 
intermediates A–D exist in equilibrium, with formation of the fully rearranged 3 critically 
dependent on the absence of any other suitably located general base in the AtCPS active site 
other than D379, the residue that acted as the general base initiating the overall reaction by 
protonation, and which can quench E by removal of that same proton (as shown here).  
Structural and QCC analysis of the interactions of the π-faces of aromatic groups with 
carbocations indicates that C-H••• interactions may play important roles in terpene synthase 
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catalyzed reactions.20,21 A theozyme-based approach20,25 was used to examine the effect of 
the introduced tyrosine, modeled as phenol, with hydrogen-bonding to a formamide model of 
the asparagine, via QCC (see SI for details). This analysis indicates that these functional 
groups remove the barrier to rearrangement (Figure 2), and provide selective stabilization for 
B, such that the initial 1,2-hydride shift becomes exothermic (by 4-5 kcal/mol; these results 
are preliminary, in the sense that alternative orientations of the components of the substrate–
theozyme complex have not yet been examined, but nevertheless clearly show that the 
hydride shift can be promoted by the functional groups present in the mutant). 
Although the structurally and mechanistically analogous triterpene cyclases also often 
catalyze rearrangement reactions, similar those observed here, the underlying mechanism 
remains unknown for these enzymes as well. It has been suggested that triterpene 
rearrangement may depend on organization of a -electron gradient and/or positioning of the 
catalytic base.26 Our results suggest that such rearrangement largely relies on the later – i.e., 
positioning of the catalytic base, as simply replacing the histidine from the catalytic base 
group in AtCPS with an aromatic residue, particularly tyrosine, leads to predominant 
formation of the fully rearranged 3. Significantly, our results provide even further insight into 
such catalysis. Specifically, that this is enabled by the ability of such aromatic substitution to 
enforce correct folding of 1 within the active site, yet block deprotonation, while also 
providing some stabilization of the initial bicyclic intermediate A, and carbocation–π 
interactions further may provide some impetus to the anchimeric nature of the presumably 
concerted protonation and bicyclization reaction. The exothermic nature of bicyclization of 1 
to A then leads to rearrangement via 1,2-hydride and methyl shifts to the neo-clerodanyl+ 
intermediate proximal to the only remaining general base (most likely the middle Asp of the 
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DxDD motif that acted as the catalytic acid), with at least the first of these migrations 
promoted by the introduced aromatic group.  
Notably, the AtCPS:H263Y mutant appears to represent the first identified (-)-
kolavenyl diphosphate synthase, offering potential access to LRDs requiring such 
rearrangement. For example, a number of diterpenoids derived from 3 are of pharmaceutical 
interest, such as salvinorin A, a known hallucinogen that, along with salvinicins A and B, are 
potential treatments for Alzheimer’s disease, with first two operating as κ-opioid agonists, 
while the latter is a μ-opioid antagonist; as well as barbatins A-C, which showed significant 
cytotoxic effects against several cancer lines.27,28 Indeed, even (-)-kolavenol itself has been 
shown to exhibit antitumor activity.29 Finally, the ability of this single residue change 
(requiring change of only a single nucleotide) to lead to such a dramatic change in product 
outcome highlights the plasticity of class II diterpene cyclases, which presumably underlies 
the observed diversification of LRD natural products. 
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Figures 
 
Scheme 1: Relevant cyclization reactions. 
44 
 
 
 
 
 
 
Figure 1: Effect of H263Y and H263F mutations on AtCPS product outcome. 
Chromatographs from GC-MS analyses of the dephosphorylated products (numbering as in 
text). 
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Scheme 2: Reactions catalyzed by wild-type and H263Y mutant of AtCPS. 
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Figure 2: Carbocation minima and transitions state structures for hydride and methyl shifts. 
Note that a truncated model of the diphosphate group was used. Relative energies (B3LYP/6-
31+G(d,p) and mPW1PW91/6-31+G(d,p)//B3LYP/6-31+G(d,p) [in brackets]) are shown in 
kcal/mol and distances are shown in Å. 
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Figure 3: The barrier for the 1,2-hydride shift that initiates rearrangement of ent-labda-13E-
8-yl+ (A) is removed in the presence of a Tyr/Asn model (computed energies of the transition 
state – corresponding to TS (A-B1) in Figure 2 – relative to A are shown in kcal/mol with 
B3LYP/6-31+G(d,p) and mPW1PW91/6-31+G(d,p)//B3LYP/6-31+G(d,p) [in brackets] are 
shown, as are distances in Å); see SI for details).  
 
 
 
 
 
 
 
 
48 
 
 
 
Supplementary Information 
Here we provide details for the experimental methods used in this study. All reagents 
were purchased from Fisher Scientific unless noted otherwise. 
 
The overlapping mutagenic primers used in this study are shown below: 
 
AtCPS:H263Y Forward Primer – 
CCAACAACATTGTTGTATGTTTTGGAGGGGATGCGT 
 
AtCPS:H263Y Reverse Primer – 
ACGCATCCCCTCCAAACTATACAACAATGTTGTTGG 
 
AtCPS:H263F Forward Primer – 
CCAACAACATTGTTGTTTAGTTTGGAGGGGATGCGT 
 
AtCPS:H263F Reverse Primer – 
ACGCATCCCCTCCAAACTAAACAACAATGTTGTTGG 
 
Recombinant mutant clones were grown in liquid NZY media (10 g casein, 10 g 
NaCl, 5 g yeast extract, 1 g MgSO4 (anhydrous) in 1 L H2O, with pH adjusted to 7.0 using 
HCl) at 37 °C to OD600 = 0.6, then shifted to 16 °C for an hour prior to induction with 0.5 
mM IPTG, followed by incubation at 16 °C, much as previously described.1 
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Use of our metabolic engineering system involves, at the time of induction, 
supplementation with phosphate buffer (pH 7.0) to 100 mM, sodium pyruvate to 50 mM, and 
MgCl2 to 1 mM (final concentrations), as previously described.
2 After induction and further 
incubation for 3 days, products are extracted by addition of an equal volume of hexanes and 
gentle swirling, the organic solvent is separated and then dried under N2, with the residue 
resuspended in fresh hexanes and analyzed by GC-MS. 
Analysis of products by GC-MS was carried out much as previously described,3 using 
a HP-5MS column (Agilent, 0.25 μm, 0.25ID, 30 m) on a 3900 GC with Saturn 2100T ion 
trap MS (Varian), with a 1.2 mL/min He flow rate, and the following oven temperature 
program: 50 °C for 3 min, 15 °C/min to 300 °C, hold 3 min. Samples (1 µL) underwent 
splitless injection at 250 °C.  
Purification of enzymes for in vitro assays was carried out much as previously 
described.4 Cells from overnight incubation following induction were harvested by 
centrifugation for (5,000 g × 20 min at 4 °C), lysed by gentle sonification in 10 mL lysis 
buffer (50 mM Bis-Tris (pH 6.8), 150 mM KCl, 10 mM MgCl2, 1 mM DTT, 10% glycerol), 
with the resulting lysate clarified by centrifugation (15,000 g x 20 min. at 4 °C). The tagged 
enzymes were purified over 5 mL of Ni-NTA His-bind resin (Novagen), in batch mode, with 
30 minutes binding with mixing on a rotating disk mixer, followed by washing with 10 mL 
of 20mM imidazole and eluting with 5 mL of 250 mM imidazole in column buffer (50 mM 
Bis-Tris  (pH 6.8), 1 mM DTT). Eluted protein was dialyzed using dialysis tubing (MW 
Cutoff = 12-14 kDa) against storage buffer (10 mM Bis-Tris (pH 6.8), 1 mM DTT, 10% 
glycerol). 
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In vitro assays for class II activity were carried out much as previously described.5 
GGPP (Isoprenoids.com) was added to an assay tube and dried under N2 gas. Then, assay 
buffer (50 mM HEPES (pH 7.75), 100 mM KCl, 0.1 mM MgCl2, 10% glycerol) and purified 
enzymes were added for 1 mL total volume assays (50 µM GGPP and 200 nM enzyme). 
After incubation overnight at 30 °C, reactions were terminated by incubation in a boiling 
water bath for 5 minutes. After cooling to room temp (15 minutes), reaction products were 
dephosphorylated by adding 10 μL of a solution of 1 M MgCl2 and 0.1 M ZnCl2 to the 
assays, followed by the addition of 10 units calf intestinal alkaline phosphatase (Promega), 
and incubated at 37 °C overnight. Assays were extracted with 3x1 mL hexanes, with the 
organic extract dried under N2 gas, resuspended in 50 μL fresh hexanes and analyzed by GC-
MS. 
For the D2O labeling assays, the pD for D2O assay buffer was adjusted using the D2O 
correction factor6 of pD = pH + 0.4 with 5 M NaOH in D2O. The solution of 1 M MgCl2 and 
0.1 M ZnCl2 was prepared in D2O as well. The purified enzymes were diluted (10-fold) and 
concentrated via ultrafiltration, using an Amicon Ultra centrifugal filter (MW cutoff = 10k 
Da), 3 times with D2O assay buffer. Assays, dephosphorylation, and analysis by GC-MS 
were otherwise carried out as described above.  
(-)-Kolavenol was purified much as previously described for other class II diterpene 
cyclase products.7,8 After extraction, the phases were separated in a separatory funnel, and 
the pooled hexanes dried by rotary evaporation. The resulting extract was redissolved in 10 
mL of fresh hexanes and fractionated over silica (4 g) using a Reveleris automated flash 
chromatography system (Grace, Deerfield, IL) with a 15 mL/min flow rate, 5 mL injections, 
UV detection at 200 nm, with the following stepwise gradient: 0%, 5%, 15%, 25% ethyl 
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acetate/hexanes for 1 minute each and a final wash with 100% ethyl acetate for 3 minutes. 
The resulting fractions were analyzed by GC-MS, those containing the targeted (-)-kolavenol 
dried under N2 and dissolved in 5 mL of 50% acetonitrile/dH2O. This was then further 
purified via HPLC (Agilent 1200 system) equipped with a Kromasil 100-5-C8 (4.6 x 150mm, 
5μm) column at a flow rate of 0.5 mL/min. The column was pre-equilibrated, sample injected 
and washed with 50% acetonitrile/dH2O (0 - 2 minutes), eluted with 50 - 100% acetonitrile (2 
- 7 minutes), and followed by a 100% acetonitrile wash (7 - 23 minutes). The purified (-)-
kolavenol, with a final yield of ~1.5 mg, was dried under N2 and redissolved in 0.5 mL 
CDCl3. This sample was analyzed by NMR carried out with a Bruker Avance 700 
spectrometer equipped with a 5-mm HCN cryogenic probe for 1H and 13C detection using 
standard experiments from the Bruker TopSpin version 1.4 software. One-dimensional 1H 
spectra were acquired at 700 MHz, and one-dimensional 13C spectra acquired at 175 MHz.  
Chemical shifts were referenced using known chloroform (13C 77.23, 1H 7.24 ppm) signals 
offset from TMS (Table S1), and compared to those previously reported for (-)-kolavenol.9-12 
Optical rotation analysis was performed on a JASCO DIP-370 using a 0.5 dm cell.    
(-)-kolavenol was resuspended in hexanes to give a final concentration of 1 mg/mL and 
loaded into the cell. The observed rotation reading obtained was -0.024, using the following 
formula  (c= 0.1 (g/100 mL), C6H14) gave a specific rotation of = -48°, 
which was comparable to that previously reported for (-)-kolavenol.9,10 
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Figure S1: GC-MS based comparison of dephosphorylated AtCPS, AtCPS:H263A, 
AtCPS:H263Y, AtCPS:H263F, and KgTPS products with structures shown below. 
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Table S1: 1H and 13C NMR data for 3 (CDCl3, 700 MHz for 
1H NMR; 175 MHz for 13C 
NMR) 
 
Figure S2: Labeled carbon structure of (-)-kolavenol based on 13C data in Table S1. 
Position H C 
1a 
1b 
1.50 (1H, m) 
1.35 (1H, m) 
18.8 
2 1.94 (2H, m) 27.5 
3 5.11 (1H, ) 121.0 
4  145.1 
5 
 
38.8 
6 
1.62 (1H,  m) 
1.09 (1H, m) 
37.4 
7 1.34 (2H, m) 28.1 
8 1.39 (1H, m) 36.8 
9  39.2 
10 1.27 (1H, m) 47.0 
11 
1.39 (1H, m) 
1.27 (1H, m) 
37.3 
12a 
12b 
1.79 (1H, m) 
1.73 (1H, m) 
33.4 
13  141.6 
14a 
14b 
5.31 (1H,  ) 123.4 
15 4.06 (2H, dd,  J = Hz) 60.1 
16 1.59 (3H, s) 17.1 
17 0.72 (3H, s) 16.6 
18 0.63 (3H, s) 19.0 
19 0.91 (3H, s) 20.5 
20 1.50 (3H, s) 18.6 
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Figure S3: 1H 1D spectrum obtained for (-)-kolavenol. 
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Figure S4: 13C 1D spectrum obtained for (-)-kolavenol. 
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Figure S5: Part a) GC-MS comparison of dephosphorylated enzymatic products from 
overnight assays conducted in D2O. Control assays with both Wild-type and AtCPS:H263Y 
are shown in I and III, respectively. Assays performed in D2O for Wild-type and 
AtCPS:H263Y are shown in II and IV, respetively. Note (-)-kolavenol mass spectra is the 
same in both assays (III and IV), however the ent-copalol has a mass difference of +1 in the 
AtCPS in D2O assay (II). Part b) Shown is the reaction scheme for the assays performed in 
D2O. 
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Scheme S1: All conformations of GGPP can be cyclized and further rearranged as illustrated 
here with halimadienyl diphosphate catalyzed by MtHPS, (-)-kolavenyl diphosphate 
catalyzed by AtCPS:H263Y and AtCPS:H263F, and terpentedienyl diphosphate catalyzed by 
KgTPS. 
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Figure S6: Overlay of the active sites of the wild-type enzyme (green) from the previously 
determined crystal structure, and AtCPS:H263Y mutant (cyan), generated via the 
mutagenesis feature in PyMol. The DxDD motif is shown in stick representation on the left. 
The previously identified catalytic base group shown in stick representation (His263, Asn322 
and ligated water molecule) of the wild-type enzyme on the right along with the overlay of 
the Tyr mutation and proposed hydrogen bond (red text) between Y263 and N322 in the 
AtCPS:H263Y mutant. 
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Quantum Chemical Calculations  
Calculations were performed with GAUSSIAN0313 and GAUSSIAN09.14 Geometries were 
optimized using the B3LYP method with the basis set of 6-31+G(d,p) in the absence and 6-
31G(d) in the presence of theozymes.15 All stationary points were characterized as minima or 
transition state structures using frequency calculations at the same level. All reported 
energies include zero-point energy corrections (unscaled) from the frequency calculations at 
the same level. Intrinsic reaction coordinate (IRC) calculations were used for further 
characterization of transition state structures.16 mPW1PW9117 single point energies are also 
shown, since it is known that B3LYP underestimates the relative energies of cyclic structures 
versus acyclic isomers.17 The validity of this computational approach for examining terpene-
forming carbocation rearrangements is well-established.18  Structural images were created 
with Ball&Stick.19 
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Coordinates and Energies 
Figure 2 
A 
B3LYP/6-31+G(d,p)//B3LYP/6-31+G(d,p): 
HF = -1425.9572778 hartrees (-894802.451392278 kcal/mol) 
Imaginary Frequencies: none found 
Zero-point correction = 0.538541 (Hartree/Particle) 
 
mPW1PW91/6-31+G(d,p)//B3LYP/6-31+G(d,p): 
HF = -1425.7068213 hartrees (-894645.287433963 kcal/mol) 
 
Coordinates (from last standard orientation): 
 -------------------------------------------------------------- 
 Center     Atomic                  Coordinates (Angstroms) 
 Number     Number                 X           Y           Z 
 -------------------------------------------------------------- 
      1          6             5.475239   -0.510321   -0.382385 
      2          6             4.210632    0.295590    0.123653 
      3          6             2.831473   -0.320201   -0.260306 
      4          6             2.761327   -1.786969    0.213246 
      5          6             3.952230   -2.601885   -0.333596 
      6          6             5.294158   -1.984110    0.061107 
      7          1             4.271873    0.193912    1.217345 
      8          1             2.785463   -1.824895    1.309821 
      9          1             1.826072   -2.251781   -0.110690 
     10          1             3.875320   -3.617736    0.069765 
     11          1             3.876975   -2.706763   -1.421439 
     12          1             5.399816   -2.037462    1.153939 
     13          1             6.115809   -2.579167   -0.354507 
     14          6             1.673559    0.524957    0.720294 
     15          6             4.269600    1.793185   -0.176515 
     16          1             5.202478    2.240905    0.170688 
     17          1             4.193240    2.002901   -1.247250 
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     18          6             3.113297    2.557838    0.585130 
     19          6             1.858196    1.871263    0.236281 
     20          6             5.724562   -0.421029   -1.903102 
     21          1             5.794794    0.615792   -2.247508 
     22          1             6.681041   -0.898800   -2.138141 
     23          1             4.963174   -0.922849   -2.502364 
     24          6             6.730676    0.042371    0.331794 
     25          1             6.585982    0.111522    1.416053 
     26          1             7.577400   -0.628951    0.156802 
     27          1             7.025118    1.028219   -0.041018 
     28          6             2.417691   -0.213351   -1.735963 
     29          1             2.924583   -0.974000   -2.329647 
     30          1             1.346150   -0.395456   -1.853382 
     31          1             2.649662    0.753736   -2.188539 
     32          1             2.134596    0.409631    1.705252 
     33          6             0.265292   -0.079339    0.717718 
     34          1            -0.201971   -0.020998   -0.269692 
     35          1             0.347455   -1.141536    0.955044 
     36          6            -0.663544    0.594481    1.758241 
     37          1            -0.761286    1.662718    1.531608 
     38          1            -0.197625    0.523213    2.751040 
     39          6            -2.044130   -0.039131    1.792373 
     40          6            -2.141874   -1.342544    2.547870 
     41          1            -3.101866   -1.843330    2.417451 
     42          1            -1.360865   -2.045780    2.234201 
     43          1            -1.998470   -1.171858    3.622633 
     44          6            -3.064007    0.580552    1.175366 
     45          6            -4.485273    0.125313    1.073873 
     46          1            -2.874096    1.533246    0.680992 
     47          1            -5.158384    0.863236    1.526837 
     48          1             3.317976    2.478160    1.657717 
     49          1             3.109248    3.609193    0.288616 
     50          1            -4.660740   -0.845306    1.542199 
     51          8            -6.146490   -0.290680   -2.386591 
     52         15            -6.332698   -0.109096   -0.797861 
     53          8            -7.276071    0.958773   -0.388379 
     54          8            -4.797806    0.021347   -0.344916 
     55          8            -6.686871   -1.587746   -0.248596 
     56          1            -6.633976    0.392234   -2.870903 
     57          1            -7.640243   -1.717805   -0.134340 
     58          6             0.942874    2.536766   -0.713724 
     59          1             1.496044    3.099536   -1.474169 
     60          1             0.199383    1.884705   -1.168733 
     61          1             0.406374    3.303888   -0.128034 
 -------------------------------------------------------------- 
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TS (A-B1) 
B3LYP/6-31+G(d,p)//B3LYP/6-31+G(d,p): 
HF = -1425.9430744 hartrees (-894793.538616744 kcal/mol) 
Imaginary Frequencies: 1 (-424.0239 1/cm) 
Zero-point correction = 0.535873 (Hartree/Particle) 
 
mPW1PW91/6-31+G(d,p)//B3LYP/6-31+G(d,p): 
HF = -1425.6960546 hartrees (-894638.531222046 kcal/mol) 
 
Coordinates (from last standard orientation): 
-------------------------------------------------------------- 
 Center     Atomic                  Coordinates (Angstroms) 
 Number     Number                 X           Y           Z 
 -------------------------------------------------------------- 
      1          6            -5.518509   -0.107884   -0.288509 
      2          6            -4.096396    0.562523   -0.255108 
      3          6            -2.956924   -0.227243    0.485386 
      4          6            -2.926946   -1.681308   -0.061840 
      5          6            -4.296765   -2.366715    0.024828 
      6          6            -5.360458   -1.580383   -0.744748 
      7          1            -3.788804    0.550169   -1.316536 
      8          1            -2.620833   -1.658187   -1.117169 
      9          1            -2.182055   -2.279616    0.472795 
     10          1            -4.210100   -3.375947   -0.392118 
     11          1            -4.591339   -2.501825    1.071711 
     12          1            -5.097267   -1.590999   -1.812258 
     13          1            -6.331524   -2.082513   -0.665882 
     14          6            -1.598477    0.469129    0.246064 
     15          6            -4.096889    2.035084    0.182843 
     16          1            -4.911039    2.582813   -0.295442 
     17          1            -4.264453    2.118801    1.260370 
     18          6            -2.776245    2.712883   -0.191812 
     19          6            -1.537562    1.857257   -0.050522 
     20          6            -6.293587   -0.035351    1.046850 
     21          1            -6.326847    0.982181    1.448983 
     22          1            -7.329593   -0.346099    0.877702 
     23          1            -5.892487   -0.690286    1.823027 
     24          6            -6.374156    0.615378   -1.356238 
     25          1            -5.849885    0.687733   -2.316430 
     26          1            -7.298110    0.054564   -1.529507 
     27          1            -6.668514    1.623468   -1.048771 
     28          6            -3.080809   -0.243483    2.037996 
     29          1            -3.985801   -0.764298    2.343851 
     30          1            -2.238345   -0.771204    2.493818 
     31          1            -3.114392    0.760957    2.466862 
     32          1            -1.578178    0.891564   -0.987287 
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     33          6            -0.301431   -0.290141    0.508016 
     34          1             0.394324    0.357264    1.048353 
     35          1            -0.534244   -1.122500    1.172839 
     36          6             0.407136   -0.841209   -0.767093 
     37          1             0.476217   -0.048353   -1.521770 
     38          1            -0.208806   -1.638613   -1.199668 
     39          6             1.802640   -1.358515   -0.465457 
     40          6             1.869483   -2.650302    0.311548 
     41          1             2.890077   -2.948604    0.552011 
     42          1             1.320980   -2.579755    1.258877 
     43          1             1.410900   -3.466155   -0.261602 
     44          6             2.860792   -0.657382   -0.905338 
     45          6             4.312824   -0.960935   -0.706496 
     46          1             2.683883    0.253528   -1.477131 
     47          1             4.817376   -1.073003   -1.673674 
     48          1            -2.800249    3.091664   -1.222887 
     49          1            -2.589776    3.601724    0.425158 
     50          1             4.489494   -1.857920   -0.109730 
     51          8             6.602758    1.661956    0.959224 
     52         15             6.482087    0.353895    0.029603 
     53          8             7.206261    0.421872   -1.261752 
     54          8             4.884078    0.181864   -0.010134 
     55          8             6.892478   -0.879596    0.989009 
     56          1             7.086587    2.367218    0.504013 
     57          1             7.820625   -1.137022    0.882550 
     58          6            -0.232361    2.606690   -0.147692 
     59          1            -0.026567    3.026059    0.846153 
     60          1             0.621435    1.992689   -0.429075 
     61          1            -0.320749    3.444745   -0.843029 
 -------------------------------------------------------------- 
 
B1 
B3LYP/6-31+G(d,p)//B3LYP/6-31+G(d,p): 
HF = -1425.9528954 hartrees (-894799.701392454 kcal/mol) 
Imaginary Frequencies: none found 
Zero-point correction = 0.538791 (Hartree/Particle) 
 
mPW1PW91/6-31+G(d,p)//B3LYP/6-31+G(d,p): 
HF = -1425.7030848 hartrees (-894642.942742848 kcal/mol) 
 
Coordinates (from last standard orientation): 
 -------------------------------------------------------------- 
 Center     Atomic                  Coordinates (Angstroms) 
 Number     Number                 X           Y           Z 
 -------------------------------------------------------------- 
      1          6            -5.432926   -0.005061   -0.545216 
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      2          6            -3.994057    0.609051   -0.343312 
      3          6            -2.965742   -0.246441    0.472474 
      4          6            -2.978835   -1.732387   -0.008348 
      5          6            -4.395234   -2.315505   -0.068352 
      6          6            -5.289411   -1.482085   -0.986964 
      7          1            -3.579056    0.618972   -1.363423 
      8          1            -2.553604   -1.772020   -1.018842 
      9          1            -2.345430   -2.350185    0.635439 
     10          1            -4.325435   -3.342443   -0.443797 
     11          1            -4.824708   -2.392713    0.936927 
     12          1            -4.872335   -1.511695   -2.003917 
     13          1            -6.286830   -1.931287   -1.052187 
     14          6            -1.595572    0.344201    0.405950 
     15          6            -4.016052    2.074275    0.142956 
     16          1            -4.520406    2.682474   -0.610648 
     17          1            -4.616175    2.159096    1.052221 
     18          6            -2.609045    2.650753    0.409838 
     19          6            -1.437212    1.740329   -0.064472 
     20          6            -6.363242    0.083180    0.687129 
     21          1            -6.462565    1.105136    1.063605 
     22          1            -7.366405   -0.246597    0.398323 
     23          1            -6.055820   -0.553138    1.520189 
     24          6            -6.126255    0.762248   -1.696167 
     25          1            -5.496379    0.803683   -2.592409 
     26          1            -7.055959    0.254409   -1.971949 
     27          1            -6.391587    1.785848   -1.415824 
     28          6            -3.216674   -0.199507    2.038649 
     29          1            -4.225473   -0.567807    2.219801 
     30          1            -2.516247   -0.844187    2.572246 
     31          1            -3.153142    0.808005    2.453750 
     32          1            -1.598820    1.601612   -1.157300 
     33          6            -0.405002   -0.433596    0.785139 
     34          1             0.308532    0.208910    1.307087 
     35          1            -0.654866   -1.287731    1.413622 
     36          6             0.341315   -0.988255   -0.520304 
     37          1             0.365417   -0.216065   -1.292517 
     38          1            -0.251209   -1.824312   -0.902515 
     39          6             1.748985   -1.432908   -0.187871 
     40          6             1.865766   -2.633025    0.718328 
     41          1             2.900149   -2.914944    0.914930 
     42          1             1.392016   -2.448830    1.690814 
     43          1             1.362796   -3.502243    0.276323 
     44          6             2.777303   -0.755693   -0.728300 
     45          6             4.241206   -1.026959   -0.568611 
     46          1             2.564426    0.097286   -1.371686 
     47          1             4.688040   -1.289283   -1.535646 
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     48          1            -2.481027    3.612899   -0.092245 
     49          1            -2.454600    2.844328    1.476762 
     50          1             4.457609   -1.822585    0.147388 
     51          8             6.606310    1.832515    0.497116 
     52         15             6.438200    0.376598   -0.163877 
     53          8             7.087773    0.189618   -1.482277 
     54          8             4.838116    0.207547   -0.093375 
     55          8             6.894583   -0.651517    0.993965 
     56          1             7.001790    2.458644   -0.127746 
     57          1             7.824816   -0.911565    0.914821 
     58          6            -0.075957    2.417488    0.142277 
     59          1             0.123169    2.584842    1.206103 
     60          1             0.758180    1.852659   -0.277619 
     61          1            -0.086269    3.395943   -0.344295 
 -------------------------------------------------------------- 
 
B2 
B3LYP/6-31+G(d,p)//B3LYP/6-31+G(d,p): 
HF = -1425.95499 hartrees (-894801.0157749 kcal/mol) 
Imaginary Frequencies: none found 
Zero-point correction = 0.539811 (Hartree/Particle) 
 
mPW1PW91/6-31+G(d,p)//B3LYP/6-31+G(d,p): 
HF = -1425.7050096 hartrees (-894644.150574096 kcal/mol) 
 
Coordinates (from last standard orientation): 
 -------------------------------------------------------------- 
 Center     Atomic                  Coordinates (Angstroms) 
 Number     Number                 X           Y           Z 
 -------------------------------------------------------------- 
      1          6             4.974454   -0.016384   -1.053314 
      2          6             3.572789   -0.564546   -0.603780 
      3          6             2.831200    0.282320    0.505059 
      4          6             2.795175    1.780977    0.096143 
      5          6             4.184219    2.321104   -0.273690 
      6          6             4.834940    1.490972   -1.382049 
      7          1             2.938148   -0.426910   -1.493981 
      8          1             2.143436    1.893422   -0.778042 
      9          1             2.369491    2.392800    0.898371 
     10          1             4.070682    3.359290   -0.604293 
     11          1             4.833432    2.365271    0.608949 
     12          1             4.232987    1.594412   -2.296153 
     13          1             5.824480    1.897207   -1.620486 
     14          6             1.500014   -0.297502    0.835799 
     15          6             3.533050   -2.066529   -0.282502 
     16          1             4.044219   -2.625907   -1.069301 
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     17          1             4.073912   -2.291524    0.643631 
     18          6             2.087015   -2.558101   -0.197546 
     19          6             1.249854   -1.770296    0.832002 
     20          6             6.100471   -0.250400   -0.021830 
     21          1             6.187760   -1.307128    0.250016 
     22          1             7.059398    0.047316   -0.458105 
     23          1             5.977793    0.323557    0.898658 
     24          6             5.386927   -0.731755   -2.361805 
     25          1             4.589824   -0.693858   -3.113287 
     26          1             6.265732   -0.238883   -2.790152 
     27          1             5.656363   -1.779647   -2.201090 
     28          6             3.480861    0.182556    1.960422 
     29          1             3.903222   -0.800272    2.155476 
     30          1             2.770951    0.423917    2.757816 
     31          1             0.180368   -1.890679    0.613934 
     32          6             0.351646    0.538247    1.217279 
     33          1            -0.290629    0.004917    1.923424 
     34          1             0.644932    1.503186    1.630824 
     35          6            -0.545290    0.806899   -0.083299 
     36          1            -0.772957   -0.148426   -0.562045 
     37          1             0.033003    1.412376   -0.786450 
     38          6            -1.829494    1.516317    0.290408 
     39          6            -1.696880    2.959786    0.708922 
     40          1            -2.659258    3.472593    0.748702 
     41          1            -1.246689    3.053871    1.706069 
     42          1            -1.054392    3.510967    0.012026 
     43          6            -2.978755    0.821436    0.217856 
     44          6            -4.364657    1.318334    0.514576 
     45          1            -2.950439   -0.224116   -0.084961 
     46          1            -4.435242    2.406064    0.539138 
     47          1             1.617126   -2.457908   -1.183428 
     48          1             2.044527   -3.621608    0.057993 
     49          1            -4.717330    0.935099    1.480927 
     50          8            -6.881860   -0.533229    0.717361 
     51         15            -5.880678   -0.583877   -0.542656 
     52          8            -4.887402   -1.689827   -0.536467 
     53          8            -5.289428    0.909846   -0.525571 
     54          8            -6.858824   -0.533145   -1.812182 
     55          1            -7.189399   -1.408684    0.996354 
     56          1            -6.499354   -1.009988   -2.574804 
     57          6             1.414951   -2.351367    2.282180 
     58          1             2.465596   -2.447187    2.558033 
     59          1             0.904048   -1.748857    3.037124 
     60          1             0.966333   -3.347193    2.280939 
     61          1             4.273259    0.929090    2.007903 
 -------------------------------------------------------------- 
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TS (B2-C) 
B3LYP/6-31+G(d,p)//B3LYP/6-31+G(d,p): 
HF = -1425.9485294 hartrees (-894796.961683794 kcal/mol) 
Imaginary Frequencies: 1 (-286.3529 1/cm) 
Zero-point correction = 0.539434 (Hartree/Particle) 
 
mPW1PW91/6-31+G(d,p)//B3LYP/6-31+G(d,p): 
HF = -1425.7017119 hartrees (-894642.081234369 kcal/mol) 
 
Coordinates (from last standard orientation): 
 -------------------------------------------------------------- 
 Center     Atomic                  Coordinates (Angstroms) 
 Number     Number                 X           Y           Z 
 -------------------------------------------------------------- 
      1          6             5.163253   -0.032340   -0.840427 
      2          6             3.698426   -0.588533   -0.680705 
      3          6             2.722571    0.311385    0.094992 
      4          6             2.781742    1.776987   -0.316207 
      5          6             4.210666    2.328604   -0.406681 
      6          6             5.088976    1.446435   -1.297004 
      7          1             3.270474   -0.510853   -1.695814 
      8          1             2.326046    1.809480   -1.316025 
      9          1             2.158660    2.403252    0.324731 
     10          1             4.166731    3.345496   -0.809284 
     11          1             4.643551    2.420950    0.597140 
     12          1             4.699403    1.481814   -2.324112 
     13          1             6.104729    1.854783   -1.340878 
     14          6             1.581778   -0.229420    0.749289 
     15          6             3.587802   -2.069033   -0.288155 
     16          1             4.147620   -2.672263   -1.006014 
     17          1             4.051194   -2.259042    0.687864 
     18          6             2.125080   -2.514912   -0.279456 
     19          6             1.280112   -1.740219    0.749762 
     20          6             6.017294   -0.147146    0.442215 
     21          1             6.056007   -1.173708    0.820501 
     22          1             7.047555    0.145247    0.215990 
     23          1             5.678529    0.504715    1.252243 
     24          6             5.873625   -0.833789   -1.954202 
     25          1             5.276002   -0.869140   -2.872300 
     26          1             6.827235   -0.356378   -2.200563 
     27          1             6.097948   -1.860640   -1.651992 
     28          6             2.974136    0.173332    1.916331 
     29          1             3.826348   -0.495516    1.942651 
     30          1             2.271486   -0.138117    2.690868 
     31          1             0.233839   -1.778199    0.422736 
69 
 
 
 
     32          6             0.388792    0.634063    1.136181 
     33          1            -0.167516    0.117969    1.925623 
     34          1             0.703943    1.596480    1.545564 
     35          6            -0.565250    0.866123   -0.070555 
     36          1            -0.780113   -0.089812   -0.558393 
     37          1            -0.059989    1.498317   -0.811937 
     38          6            -1.876531    1.515858    0.338433 
     39          6            -1.791305    2.962674    0.762629 
     40          1            -2.771443    3.430275    0.867972 
     41          1            -1.278745    3.074629    1.727202 
     42          1            -1.223318    3.547306    0.028205 
     43          6            -2.999409    0.779682    0.294250 
     44          6            -4.390552    1.208777    0.657962 
     45          1            -2.939615   -0.255780   -0.037420 
     46          1            -4.486339    2.284576    0.804804 
     47          1             1.703190   -2.368866   -1.281705 
     48          1             2.050006   -3.586146   -0.068747 
     49          1            -4.728439    0.710636    1.575025 
     50          8            -6.925553   -0.640370    0.689134 
     51         15            -5.917082   -0.583164   -0.566640 
     52          8            -4.937166   -1.697319   -0.655519 
     53          8            -5.320031    0.898317   -0.417696 
     54          8            -6.891533   -0.415753   -1.831387 
     55          1            -7.222163   -1.539569    0.894263 
     56          1            -6.531628   -0.833546   -2.627557 
     57          6             1.306721   -2.399783    2.145105 
     58          1             2.326846   -2.535657    2.517546 
     59          1             0.736585   -1.833916    2.889227 
     60          1             0.848990   -3.389751    2.077179 
     61          1             3.219317    1.216960    2.096203 
 -------------------------------------------------------------- 
 
C 
B3LYP/6-31+G(d,p)//B3LYP/6-31+G(d,p): 
HF = -1425.9565209 hartrees (-894801.976429959 kcal/mol) 
Imaginary Frequencies: none found 
Zero-point correction = 0.539085 (Hartree/Particle) 
 
mPW1PW91/6-31+G(d,p)//B3LYP/6-31+G(d,p): 
HF = -1425.7077731 hartrees (-894645.884697981 kcal/mol) 
 
Coordinates (from last standard orientation): 
 -------------------------------------------------------------- 
 Center     Atomic                  Coordinates (Angstroms) 
 Number     Number                 X           Y           Z 
 -------------------------------------------------------------- 
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      1          6             5.147733   -0.046203   -0.838009 
      2          6             3.658914   -0.592974   -0.714865 
      3          6             2.687733    0.312215   -0.038755 
      4          6             2.781549    1.763863   -0.354525 
      5          6             4.216461    2.320614   -0.466319 
      6          6             5.099820    1.419567   -1.325600 
      7          1             3.270570   -0.498015   -1.753241 
      8          1             2.301689    1.838889   -1.347286 
      9          1             2.162687    2.362115    0.314284 
     10          1             4.159809    3.326544   -0.892169 
     11          1             4.633928    2.435313    0.539870 
     12          1             4.741387    1.441898   -2.364133 
     13          1             6.121208    1.815469   -1.345749 
     14          6             1.679611   -0.189642    0.913204 
     15          6             3.505816   -2.072552   -0.336366 
     16          1             4.050366   -2.682578   -1.059828 
     17          1             3.958654   -2.274989    0.640512 
     18          6             2.027236   -2.456759   -0.333231 
     19          6             1.220327   -1.692736    0.734972 
     20          6             5.895168   -0.147660    0.507691 
     21          1             5.955342   -1.180049    0.863391 
     22          1             6.922900    0.206776    0.379013 
     23          1             5.439161    0.456089    1.297702 
     24          6             5.902188   -0.883551   -1.890196 
     25          1             5.367868   -0.912188   -2.846617 
     26          1             6.884326   -0.436777   -2.074032 
     27          1             6.073969   -1.911741   -1.561623 
     28          6             2.641595   -0.004145    2.194385 
     29          1             3.489587   -0.686073    2.205175 
     30          1             1.999484   -0.230377    3.048671 
     31          1             0.194926   -1.618604    0.361276 
     32          6             0.434553    0.709009    1.164952 
     33          1            -0.147922    0.196043    1.938630 
     34          1             0.729523    1.665534    1.608762 
     35          6            -0.483802    0.953534   -0.054558 
     36          1            -0.675543    0.007003   -0.570429 
     37          1             0.020155    1.610783   -0.776246 
     38          6            -1.815187    1.578980    0.329554 
     39          6            -1.764043    3.028573    0.750781 
     40          1            -2.753791    3.475107    0.857715 
     41          1            -1.250149    3.153061    1.712893 
     42          1            -1.210845    3.624289    0.013664 
     43          6            -2.923682    0.821280    0.280656 
     44          6            -4.323477    1.222779    0.640860 
     45          1            -2.840973   -0.213843   -0.047397 
     46          1            -4.440692    2.296246    0.789008 
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     47          1             1.610276   -2.254052   -1.328935 
     48          1             1.913816   -3.532856   -0.171420 
     49          1            -4.655212    0.716868    1.555835 
     50          8            -6.821149   -0.664266    0.681794 
     51         15            -5.824670   -0.591423   -0.583509 
     52          8            -4.835105   -1.695980   -0.684277 
     53          8            -5.245826    0.896546   -0.437734 
     54          8            -6.811907   -0.432955   -1.840290 
     55          1            -7.096400   -1.568995    0.892101 
     56          1            -6.458734   -0.858377   -2.635348 
     57          6             1.132938   -2.483149    2.051711 
     58          1             2.115958   -2.724893    2.468826 
     59          1             0.554218   -1.959752    2.819205 
     60          1             0.619647   -3.429535    1.859489 
     61          1             2.992045    1.024011    2.307069 
 -------------------------------------------------------------- 
 
TS (C-D) 
B3LYP/6-31+G(d,p)//B3LYP/6-31+G(d,p): 
HF = -1425.9446071 hartrees (-894794.500401321 kcal/mol) 
Imaginary Frequencies: 1 (-314.3217 1/cm) 
Zero-point correction = 0.536942 (Hartree/Particle) 
 
mPW1PW91/6-31+G(d,p)//B3LYP/6-31+G(d,p): 
HF = -1425.6981281 hartrees (-894639.832364031 kcal/mol) 
 
Coordinates (from last standard orientation): 
-------------------------------------------------------------- 
 Center     Atomic                  Coordinates (Angstroms) 
 Number     Number                 X           Y           Z 
 -------------------------------------------------------------- 
      1          6             4.506978   -0.353381    1.496115 
      2          6             3.426986    0.361746    0.664086 
      3          6             2.818233   -0.229386   -0.482705 
      4          6             3.187664   -1.658528   -0.891602 
      5          6             4.517186   -2.155346   -0.323441 
      6          6             4.589175   -1.862148    1.170308 
      7          1             2.262974   -0.339950    0.673725 
      8          1             2.372912   -2.323509   -0.578070 
      9          1             3.198433   -1.708625   -1.979589 
     10          1             4.606861   -3.229737   -0.508766 
     11          1             5.350850   -1.679972   -0.852653 
     12          1             3.768423   -2.384267    1.682374 
     13          1             5.515441   -2.253749    1.602103 
     14          6             1.851083    0.538208   -1.428946 
     15          6             3.042017    1.766610    1.065682 
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     16          1             3.107767    1.872929    2.148998 
     17          1             3.809130    2.430837    0.647552 
     18          6             1.654010    2.164522    0.565587 
     19          6             1.549710    2.017252   -0.960457 
     20          6             5.845292    0.354583    1.131181 
     21          1             5.838730    1.409639    1.416366 
     22          1             6.653619   -0.130928    1.685877 
     23          1             6.079627    0.286817    0.065119 
     24          6             4.259480   -0.204635    3.016337 
     25          1             3.257983   -0.544968    3.302334 
     26          1             4.981479   -0.830047    3.549178 
     27          1             4.396368    0.818199    3.373990 
     28          6             2.508555    0.554906   -2.840301 
     29          1             3.518739    0.972632   -2.835908 
     30          1             1.895177    1.170677   -3.501523 
     31          1             0.508162    2.211788   -1.241096 
     32          6             0.520393   -0.275396   -1.587085 
     33          1            -0.075744    0.256656   -2.337046 
     34          1             0.757603   -1.247809   -2.031055 
     35          6            -0.351929   -0.485749   -0.335348 
     36          1            -0.630995    0.480391    0.093217 
     37          1             0.222117   -1.026977    0.437997 
     38          6            -1.624011   -1.272124   -0.612191 
     39          6            -1.440394   -2.726921   -0.974703 
     40          1            -2.375017   -3.289393   -0.951105 
     41          1            -1.018288   -2.846567   -1.980532 
     42          1            -0.747619   -3.213452   -0.275865 
     43          6            -2.804878   -0.638497   -0.515338 
     44          6            -4.170824   -1.209091   -0.756370 
     45          1            -2.815687    0.412066   -0.229393 
     46          1            -4.166531   -2.286635   -0.918847 
     47          1             0.903424    1.553925    1.079851 
     48          1             1.451149    3.200063    0.853402 
     49          1            -4.647501   -0.737761   -1.624136 
     50          8            -6.808877    0.434112   -0.529458 
     51         15            -5.736161    0.394415    0.674208 
     52          8            -4.861026    1.590370    0.788687 
     53          8            -5.024784   -1.017238    0.408935 
     54          8            -6.620272    0.064219    1.974303 
     55          1            -7.166775    1.321151   -0.683012 
     56          1            -6.284795    0.516254    2.762252 
     57          6             2.394705    3.120572   -1.634626 
     58          1             3.473003    2.988753   -1.493975 
     59          1             2.213289    3.189246   -2.708255 
     60          1             2.124456    4.089741   -1.203984 
     61          1             2.546739   -0.438532   -3.289476 
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 -------------------------------------------------------------- 
 
D 
B3LYP/6-31+G(d,p)//B3LYP/6-31+G(d,p): 
HF = -1425.9508299 hartrees (-894798.405270549 kcal/mol) 
Imaginary Frequencies: none found 
Zero-point correction = 0.538255 (Hartree/Particle) 
 
mPW1PW91/6-31+G(d,p)//B3LYP/6-31+G(d,p): 
HF = -1425.7019277 hartrees (-894642.216651027 kcal/mol) 
 
Coordinates (from last standard orientation): 
 -------------------------------------------------------------- 
 Center     Atomic                  Coordinates (Angstroms) 
 Number     Number                 X           Y           Z 
 -------------------------------------------------------------- 
      1          6             4.795403   -0.466244   -1.215530 
      2          6             3.607866   -0.659677   -0.323153 
      3          6             2.561538    0.351428   -0.125049 
      4          6             2.910685    1.806088   -0.551279 
      5          6             4.400200    2.019743   -0.818567 
      6          6             4.890129    0.961817   -1.802803 
      7          1             1.872985   -0.072876   -0.904569 
      8          1             2.349007    2.060944   -1.456049 
      9          1             2.562951    2.493031    0.221497 
     10          1             4.560824    3.023289   -1.223169 
     11          1             4.969568    1.966420    0.119430 
     12          1             4.286432    1.022122   -2.717583 
     13          1             5.926238    1.141398   -2.105737 
     14          6             1.737821    0.216816    1.232181 
     15          6             3.411489   -1.958613    0.353644 
     16          1             3.966551   -2.763302   -0.131549 
     17          1             3.891678   -1.822305    1.341093 
     18          6             1.931407   -2.301114    0.570728 
     19          6             1.190527   -1.254745    1.432743 
     20          6             6.078481   -0.782764   -0.372317 
     21          1             6.073784   -1.794883    0.036867 
     22          1             6.938695   -0.693763   -1.040964 
     23          1             6.209921   -0.071158    0.447188 
     24          6             4.715473   -1.495873   -2.390962 
     25          1             3.788025   -1.387312   -2.961126 
     26          1             5.548407   -1.280443   -3.066135 
     27          1             4.809815   -2.530638   -2.056908 
     28          6             2.681664    0.666933    2.374871 
     29          1             3.516875   -0.020276    2.542588 
     30          1             2.136445    0.745049    3.317763 
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     31          1             0.156479   -1.251929    1.076694 
     32          6             0.512575    1.177912    1.216815 
     33          1            -0.086271    0.917299    2.098071 
     34          1             0.842667    2.208781    1.382075 
     35          6            -0.394862    1.114303   -0.032127 
     36          1            -0.525724    0.073232   -0.349617 
     37          1             0.091632    1.643233   -0.864445 
     38          6            -1.774015    1.717157    0.180440 
     39          6            -1.813960    3.215461    0.360932 
     40          1            -2.828054    3.618083    0.356279 
     41          1            -1.349210    3.517476    1.308332 
     42          1            -1.253975    3.713970   -0.440348 
     43          6            -2.840557    0.900497    0.203057 
     44          6            -4.276554    1.274040    0.420147 
     45          1            -2.688674   -0.167469    0.054928 
     46          1            -4.452316    2.349218    0.392853 
     47          1             1.458706   -2.398483   -0.414302 
     48          1             1.868813   -3.288232    1.036650 
     49          1            -4.645359    0.894476    1.380736 
     50          8            -6.622691   -0.784494    0.613582 
     51         15            -5.585844   -0.792274   -0.621816 
     52          8            -4.525346   -1.832588   -0.557709 
     53          8            -5.116426    0.738541   -0.645578 
     54          8            -6.532631   -0.859233   -1.918456 
     55          1            -6.836809   -1.675106    0.928687 
     56          1            -6.124240   -1.362943   -2.637547 
     57          6             1.128723   -1.701499    2.904333 
     58          1             2.121106   -1.848440    3.343983 
     59          1             0.589070   -0.984700    3.529610 
     60          1             0.593172   -2.653126    2.971569 
     61          1             3.100996    1.655682    2.167057 
 -------------------------------------------------------------- 
 
TS (D-E) 
B3LYP/6-31+G(d,p)//B3LYP/6-31+G(d,p): 
HF = -1425.9273139 hartrees (-894783.648745389 kcal/mol) 
Imaginary Frequencies: 1 (-151.2208 1/cm) 
Zero-point correction = 0.538865 (Hartree/Particle) 
 
mPW1PW91/6-31+G(d,p)//B3LYP/6-31+G(d,p): 
HF = -1425.6803367 hartrees (-894628.668082617 kcal/mol) 
 
Coordinates (from last standard orientation): 
 -------------------------------------------------------------- 
 Center     Atomic                  Coordinates (Angstroms) 
 Number     Number                 X           Y           Z 
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 -------------------------------------------------------------- 
      1          6             4.811870   -0.135719   -1.369795 
      2          6             3.742142   -0.577499   -0.536542 
      3          6             2.672269    0.441423   -0.077668 
      4          6             3.090558    1.941283   -0.142908 
      5          6             4.583807    2.196823   -0.376459 
      6          6             5.123887    1.327479   -1.511944 
      7          1             1.955516    0.312440   -0.896513 
      8          1             2.534061    2.416274   -0.958785 
      9          1             2.782882    2.466348    0.762595 
     10          1             4.746686    3.249813   -0.622795 
     11          1             5.162129    2.008723    0.535859 
     12          1             4.642445    1.611020   -2.463378 
     13          1             6.198054    1.469730   -1.672525 
     14          6             1.851927    0.025413    1.208618 
     15          6             3.127144   -1.979599   -0.786642 
     16          1             3.107227   -2.161808   -1.866950 
     17          1             3.758853   -2.761368   -0.357759 
     18          6             1.695661   -2.108065   -0.236319 
     19          6             1.538905   -1.530956    1.182614 
     20          6             5.141679   -0.720024    0.491621 
     21          1             5.392512   -1.775557    0.519134 
     22          1             6.051772   -0.138922    0.317919 
     23          1             4.720260   -0.348844    1.421096 
     24          6             5.563173   -1.072633   -2.266451 
     25          1             5.112241   -0.976270   -3.264925 
     26          1             6.613492   -0.786954   -2.361247 
     27          1             5.487064   -2.120003   -1.976353 
     28          6             2.543826    0.441130    2.529439 
     29          1             3.452892   -0.117023    2.765252 
     30          1             1.863266    0.272896    3.369306 
     31          1             0.480998   -1.637632    1.449241 
     32          6             0.501966    0.822274    1.202642 
     33          1            -0.038584    0.527045    2.110323 
     34          1             0.724973    1.888553    1.327817 
     35          6            -0.461196    0.652008    0.008851 
     36          1            -0.694993   -0.406632   -0.139257 
     37          1             0.013721    1.009860   -0.917525 
     38          6            -1.767841    1.410060    0.184822 
     39          6            -1.661536    2.917098    0.175767 
     40          1            -2.630010    3.411567    0.085268 
     41          1            -1.188588    3.295038    1.090982 
     42          1            -1.040643    3.252100   -0.664901 
     43          6            -2.910148    0.716255    0.325979 
     44          6            -4.291893    1.265224    0.514598 
     45          1            -2.870090   -0.371528    0.301166 
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     46          1            -4.335061    2.353041    0.470074 
     47          1             0.995689   -1.623997   -0.923447 
     48          1             1.424997   -3.169123   -0.234983 
     49          1            -4.715864    0.948509    1.474662 
     50          8            -6.941605   -0.391332    0.705224 
     51         15            -5.880208   -0.616303   -0.489674 
     52          8            -5.003194   -1.807273   -0.344130 
     53          8            -5.177776    0.820382   -0.558227 
     54          8            -6.783923   -0.591091   -1.819827 
     55          1            -7.283076   -1.225449    1.060167 
     56          1            -6.450440   -1.206218   -2.489104 
     57          6             2.305445   -2.403736    2.197560 
     58          1             3.391242   -2.397758    2.052064 
     59          1             2.112696   -2.100951    3.229058 
     60          1             1.974728   -3.443112    2.101199 
     61          1             2.792178    1.505812    2.541356 
 -------------------------------------------------------------- 
 
E  
B3LYP/6-31+G(d,p)//B3LYP/6-31+G(d,p): 
HF = -1425.9325568 hartrees (-894786.938717568 kcal/mol) 
Imaginary Frequencies: none found 
Zero-point correction = 0.538940 (Hartree/Particle) 
 
mPW1PW91/6-31+G(d,p)//B3LYP/6-31+G(d,p): 
HF = -1425.6832333 hartrees (-894630.485728083 kcal/mol) 
 
Coordinates (from last standard orientation): 
 -------------------------------------------------------------- 
 Center     Atomic                  Coordinates (Angstroms) 
 Number     Number                 X           Y           Z 
 -------------------------------------------------------------- 
      1          6             4.455492   -0.076492   -1.640864 
      2          6             3.846246   -0.544463   -0.381272 
      3          6             2.752766    0.453887    0.107990 
      4          6             3.349837    1.876031    0.182023 
      5          6             3.897205    2.331262   -1.193743 
      6          6             3.973400    1.170105   -2.245299 
      7          1             2.026723    0.484016   -0.711773 
      8          1             2.584932    2.579751    0.517096 
      9          1             4.147076    1.914950    0.929804 
     10          1             3.267929    3.107584   -1.635833 
     11          1             4.899612    2.757444   -1.097258 
     12          1             2.940732    0.957348   -2.574782 
     13          1             4.541746    1.452058   -3.134712 
     14          6             1.905388   -0.001011    1.350584 
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     15          6             3.156748   -1.953261   -0.769939 
     16          1             3.151716   -2.122227   -1.852692 
     17          1             3.782561   -2.739642   -0.339694 
     18          6             1.708466   -2.029477   -0.261154 
     19          6             1.493616   -1.530901    1.181755 
     20          6             5.003151   -0.816742    0.635669 
     21          1             5.778408   -1.452193    0.203967 
     22          1             5.467137    0.110974    0.978324 
     23          1             4.599981   -1.337980    1.500473 
     24          6             5.552852   -0.801881   -2.310653 
     25          1             5.408446   -0.796613   -3.397529 
     26          1             6.469741   -0.208811   -2.145048 
     27          1             5.726196   -1.813027   -1.945862 
     28          6             2.620272    0.273649    2.695537 
     29          1             3.525247   -0.313271    2.852970 
     30          1             1.947833    0.053434    3.529506 
     31          1             0.410433   -1.573110    1.345077 
     32          6             0.595480    0.858323    1.421235 
     33          1             0.016194    0.463952    2.265019 
     34          1             0.858882    1.884459    1.703005 
     35          6            -0.332995    0.897057    0.188066 
     36          1            -0.499401   -0.115201   -0.193481 
     37          1             0.142050    1.471960   -0.621620 
     38          6            -1.688688    1.521270    0.477397 
     39          6            -1.678355    2.995642    0.803759 
     40          1            -2.676630    3.435867    0.823096 
     41          1            -1.219829    3.187338    1.782093 
     42          1            -1.086970    3.548104    0.062230 
     43          6            -2.784811    0.745070    0.430845 
     44          6            -4.202901    1.148884    0.699712 
     45          1            -2.672145   -0.306792    0.172557 
     46          1            -4.328420    2.222141    0.840146 
     47          1             1.055601   -1.484516   -0.949355 
     48          1             1.402142   -3.080411   -0.334553 
     49          1            -4.598319    0.642303    1.588036 
     50          8            -6.648470   -0.777780    0.597411 
     51         15            -5.623557   -0.655899   -0.643473 
     52          8            -4.637409   -1.762038   -0.761491 
     53          8            -5.059993    0.827704   -0.438465 
     54          8            -6.578938   -0.457307   -1.921690 
     55          1            -6.895324   -1.695119    0.786680 
     56          1            -6.226313   -0.907597   -2.702949 
     57          6             2.084581   -2.526859    2.199652 
     58          1             3.171628   -2.637720    2.137120 
     59          1             1.843780   -2.248513    3.227883 
     60          1             1.651862   -3.517754    2.026677 
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     61          1             2.890105    1.330103    2.783573 
 -------------------------------------------------------------- 
 
 
 
 
Figure 3 
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B3LYP/6-31G(d)//B3LYP/6-31G(d): 
HF = -1903.2544093 hartrees (-1194311.17437984 kcal/mol) 
Imaginary Frequencies: none found 
Zero-point correction = 0.696350 (Hartree/Particle) 
 
mPW1PW91/6-31+G(d,p)//B3LYP/6-31G(d): 
HF = -1903.0143933 hartrees (-1194160.56193968 kcal/mol) 
 
Coordinates (from last standard orientation): 
 -------------------------------------------------------------- 
 Center     Atomic                  Coordinates (Angstroms) 
 Number     Number                 X           Y           Z 
 -------------------------------------------------------------- 
      1          6            -4.415968   -3.071344    0.029965 
      2          6            -3.189916   -2.335799   -0.641572 
      3          6            -2.151544   -1.720855    0.348506 
      4          6            -1.666871   -2.809567    1.331415 
      5          6            -2.850414   -3.491867    2.044915 
      6          6            -3.845625   -4.089403    1.049336 
      7          1            -2.650295   -3.153435   -1.144465 
      8          1            -1.099373   -3.573854    0.783807 
      9          1            -0.995058   -2.378608    2.080116 
     10          1            -2.447723   -4.281906    2.689649 
     11          1            -3.351498   -2.784276    2.715399 
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     12          1            -3.347567   -4.898132    0.495177 
     13          1            -4.679731   -4.555380    1.588126 
     14          6            -0.793077   -1.325761   -0.608229 
     15          6            -3.584679   -1.344095   -1.737704 
     16          1            -4.247978   -1.799459   -2.476542 
     17          1            -4.104614   -0.468483   -1.337188 
     18          6            -2.310386   -0.867430   -2.538226 
     19          6            -1.354684   -0.360909   -1.536678 
     20          6            -5.436532   -2.132153    0.706224 
     21          1            -5.793033   -1.351571    0.025285 
     22          1            -6.312945   -2.714227    1.012117 
     23          1            -5.051110   -1.640765    1.602000 
     24          6            -5.168560   -3.873450   -1.056824 
     25          1            -4.485298   -4.483432   -1.660175 
     26          1            -5.884170   -4.553677   -0.582305 
     27          1            -5.741157   -3.228794   -1.731916 
     28          6            -2.602044   -0.468663    1.119101 
     29          1            -3.243553   -0.744869    1.957197 
     30          1            -1.742195    0.057866    1.543665 
     31          1            -3.157735    0.252426    0.514251 
     32          1            -0.617676   -2.275179   -1.125740 
     33          6             0.455420   -0.926782    0.191751 
     34          1             0.295152    0.003976    0.743998 
     35          1             0.643850   -1.707380    0.932365 
     36          6             1.708167   -0.785601   -0.702606 
     37          1             1.568244    0.029658   -1.422788 
     38          1             1.827624   -1.709030   -1.289625 
     39          6             2.988716   -0.562660    0.081501 
     40          6             3.387485   -1.671950    1.032774 
     41          1             4.472718   -1.773558    1.110215 
     42          1             2.976707   -1.516096    2.039524 
     43          1             2.999067   -2.633592    0.678131 
     44          6             3.713976    0.552140   -0.132123 
     45          6             5.039779    0.891684    0.487906 
     46          1             3.366378    1.268834   -0.876428 
     47          1             5.276234    0.243777    1.333929 
     48          1            -1.904132   -1.739742   -3.061855 
     49          1            -2.593387   -0.101771   -3.264960 
     50          1             5.059102    1.932260    0.827073 
     51          8             7.505230   -0.631775   -2.009631 
     52         15             7.115138   -0.433093   -0.464684 
     53          8             6.640518   -1.667821    0.191685 
     54          8             6.088176    0.804230   -0.517130 
     55          8             8.402825    0.272759    0.221514 
     56          1             7.924178    0.151813   -2.404164 
     57          1             9.006537   -0.395486    0.589538 
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     58          6            -1.168757    1.091881   -1.429583 
     59          1            -2.137778    1.612082   -1.485497 
     60          1            -0.605946    1.433898   -0.563598 
     61          1            -0.646251    1.416560   -2.346989 
     62          6             0.867353    2.944870    2.213995 
     63          1             0.678419    3.793168    2.890723 
     64          8             0.015105    2.550152    1.411920 
     65          7             2.084146    2.398179    2.359882 
     66          1             2.390326    1.655597    1.735387 
     67          1             2.744983    2.777064    3.023967 
     68          1            -1.082202    3.675646    0.426200 
     69          6            -3.469828    3.232819    0.884570 
     70          6            -4.845440    2.993642    0.911459 
     71          6            -5.644445    3.299482   -0.192406 
     72          6            -5.052730    3.855945   -1.330354 
     73          6            -3.680975    4.100531   -1.372567 
     74          6            -2.881918    3.792930   -0.260756 
     75          1            -2.849639    3.007138    1.748515 
     76          1            -5.294619    2.576639    1.809284 
     77          1            -6.715090    3.121659   -0.161432 
     78          1            -5.664934    4.110423   -2.191437 
     79          1            -3.212930    4.548782   -2.243975 
     80          8            -1.547480    4.047051   -0.352887 
 -------------------------------------------------------------- 
 
TS (A-B1) 
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B3LYP/6-31G(d)//B3LYP/6-31G(d): 
HF = -1903.2532378 hartrees (-1194310.43925188 kcal/mol) 
Imaginary Frequencies: 1 (-464.2962 1/cm) 
Zero-point correction = 0.695192 (Hartree/Particle) 
 
81 
 
 
 
mPW1PW91/6-31+G(d,p)//B3LYP/6-31G(d): 
HF = -1903.0157786 hartrees (-1194161.43122929 kcal/mol) 
 
Coordinates (from last standard orientation): 
 -------------------------------------------------------------- 
 Center     Atomic                  Coordinates (Angstroms) 
 Number     Number                 X           Y           Z 
 -------------------------------------------------------------- 
      1          6             5.112135   -2.123341   -0.030569 
      2          6             3.866385   -1.385759    0.580684 
      3          6             2.557607   -1.365895   -0.287441 
      4          6             2.238509   -2.821229   -0.730157 
      5          6             3.426079   -3.487560   -1.437822 
      6          6             4.663676   -3.516983   -0.538097 
      7          1             3.604643   -2.014779    1.451396 
      8          1             1.989805   -3.418101    0.159505 
      9          1             1.361123   -2.844782   -1.385257 
     10          1             3.142092   -4.510512   -1.710619 
     11          1             3.642789   -2.974761   -2.382456 
     12          1             4.447123   -4.154922    0.331555 
     13          1             5.500758   -3.992239   -1.063756 
     14          6             1.392133   -0.773895    0.525078 
     15          6             4.155770    0.018270    1.129200 
     16          1             5.099616    0.036737    1.678715 
     17          1             4.259715    0.741899    0.315314 
     18          6             3.036353    0.464014    2.073552 
     19          6             1.635218    0.038343    1.666755 
     20          6             5.834729   -1.345580   -1.152856 
     21          1             6.038495   -0.307653   -0.868877 
     22          1             6.801159   -1.820087   -1.355966 
     23          1             5.287311   -1.332421   -2.098581 
     24          6             6.141645   -2.356369    1.100402 
     25          1             5.679558   -2.815901    1.982867 
     26          1             6.927262   -3.034338    0.749429 
     27          1             6.636040   -1.431843    1.416070 
     28          6             2.620247   -0.430187   -1.533776 
     29          1             3.408115   -0.755959   -2.210897 
     30          1             1.680797   -0.463987   -2.093935 
     31          1             2.808818    0.613557   -1.272518 
     32          1             1.524140   -1.228444    1.819878 
     33          6            -0.036746   -0.988323    0.048965 
     34          1            -0.588790   -0.045135    0.113613 
     35          1             0.012265   -1.250850   -1.008879 
     36          6            -0.826865   -2.107043    0.792559 
     37          1            -0.918251   -1.849024    1.853442 
     38          1            -0.264419   -3.047157    0.737630 
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     39          6            -2.208389   -2.302444    0.191601 
     40          6            -2.252133   -3.110590   -1.081989 
     41          1            -3.229845   -3.100292   -1.566727 
     42          1            -1.521476   -2.743512   -1.813681 
     43          1            -1.992550   -4.157974   -0.877904 
     44          6            -3.274852   -1.776021    0.814107 
     45          6            -4.704318   -1.846313    0.381605 
     46          1            -3.123024   -1.230606    1.745415 
     47          1            -5.330620   -2.284144    1.166863 
     48          1             3.211976    0.111869    3.098378 
     49          1             2.996274    1.558538    2.138244 
     50          1            -4.852371   -2.406681   -0.543170 
     51          8            -6.702846    1.398504   -0.238101 
     52         15            -6.738428   -0.203115    0.003293 
     53          8            -7.639112   -0.648863    1.084026 
     54          8            -5.156090   -0.470449    0.162323 
     55          8            -6.999569   -0.837852   -1.455014 
     56          1            -7.263762    1.831636    0.428593 
     57          1            -7.936806   -1.066124   -1.580509 
     58          6             0.532524    0.725690    2.436063 
     59          1             0.476601    1.759809    2.066862 
     60          1            -0.449058    0.268199    2.321313 
     61          1             0.788246    0.766195    3.499260 
     62          6            -2.556724    2.688513   -0.586594 
     63          1            -2.600855    3.754168   -0.861436 
     64          8            -1.488743    2.151201   -0.255571 
     65          7            -3.734743    2.066484   -0.651950 
     66          1            -3.846355    1.095310   -0.373234 
     67          1            -4.583686    2.558156   -0.896014 
     68          1            -0.183920    3.166848    0.334278 
     69          6             1.718981    3.332266   -1.248303 
     70          6             2.913285    3.462181   -1.962114 
     71          6             4.073444    3.921314   -1.335116 
     72          6             4.026375    4.266205    0.019373 
     73          6             2.840324    4.147814    0.742980 
     74          6             1.680754    3.677230    0.110312 
     75          1             0.814128    2.979849   -1.737025 
     76          1             2.930253    3.209182   -3.019252 
     77          1             4.996126    4.027839   -1.897317 
     78          1             4.917064    4.643223    0.514967 
     79          1             2.785410    4.438801    1.788239 
     80          8             0.548964    3.566948    0.863591 
 -------------------------------------------------------------- 
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B3LYP/6-31G(d)//B3LYP/6-31G(d): 
HF = -1903.2642515 hartrees (-1194317.35045876 kcal/mol) 
Imaginary Frequencies: none found 
Zero-point correction = 0.697682 (Hartree/Particle) 
 
mPW1PW91/6-31+G(d,p)//B3LYP/6-31G(d): 
HF = -1903.0219015 hartrees (-1194165.27341027 kcal/mol) 
 
Coordinates (from last standard orientation): 
 -------------------------------------------------------------- 
 Center     Atomic                  Coordinates (Angstroms) 
 Number     Number                 X           Y           Z 
 -------------------------------------------------------------- 
      1          6             5.223500   -2.189662    0.163385 
      2          6             3.829309   -1.713097    0.714933 
      3          6             2.809782   -1.146298   -0.329451 
      4          6             2.696981   -2.126829   -1.548003 
      5          6             4.069874   -2.496305   -2.124503 
      6          6             4.977608   -3.110096   -1.057949 
      7          1             3.365724   -2.652552    1.056833 
      8          1             2.209978   -3.051843   -1.211989 
      9          1             2.066397   -1.691942   -2.329978 
     10          1             3.912111   -3.214200   -2.938333 
     11          1             4.542015   -1.621233   -2.585882 
     12          1             4.522456   -4.048582   -0.707976 
     13          1             5.942753   -3.384927   -1.500219 
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     14          6             1.459918   -0.949267    0.292626 
     15          6             3.924662   -0.799395    1.955888 
     16          1             4.434608   -1.348882    2.751020 
     17          1             4.548746    0.072482    1.739791 
     18          6             2.542581   -0.327029    2.456271 
     19          6             1.337783   -1.043488    1.763278 
     20          6             6.206721   -1.059318   -0.213148 
     21          1             6.350414   -0.346366    0.604876 
     22          1             7.187463   -1.497010   -0.429973 
     23          1             5.912882   -0.492899   -1.100264 
     24          6             5.910689   -3.042946    1.255614 
     25          1             5.242374   -3.821562    1.643852 
     26          1             6.790321   -3.543842    0.836456 
     27          1             6.257755   -2.438945    2.100124 
     28          6             3.183243    0.290744   -0.857543 
     29          1             4.084297    0.204508   -1.463557 
     30          1             2.395539    0.711976   -1.484883 
     31          1             3.374020    0.994363   -0.048235 
     32          1             1.511247   -2.129207    1.930200 
     33          6             0.260804   -0.713942   -0.534846 
     34          1            -0.380694    0.032314   -0.056013 
     35          1             0.525308   -0.363387   -1.532767 
     36          6            -0.602247   -2.038138   -0.692631 
     37          1            -0.671149   -2.565974    0.261781 
     38          1            -0.080503   -2.697292   -1.394760 
     39          6            -1.990430   -1.721735   -1.210532 
     40          6            -2.046485   -1.053494   -2.561162 
     41          1            -3.057120   -0.992845   -2.967913 
     42          1            -1.659770   -0.027901   -2.499861 
     43          1            -1.425871   -1.591215   -3.289205 
     44          6            -3.053358   -2.050058   -0.457238 
     45          6            -4.495832   -1.851539   -0.800508 
     46          1            -2.885176   -2.509326    0.515948 
     47          1            -5.070708   -2.757213   -0.580760 
     48          1             2.433669   -0.509561    3.529179 
     49          1             2.394372    0.744132    2.297143 
     50          1            -4.662619   -1.568913   -1.841038 
     51          8            -6.635829    0.708749    1.129674 
     52         15            -6.604738   -0.653538    0.256564 
     53          8            -7.324533   -1.796715    0.850432 
     54          8            -5.008279   -0.771932    0.049323 
     55          8            -7.062776   -0.214523   -1.225347 
     56          1            -7.118402    0.548276    1.959002 
     57          1            -7.996690   -0.432928   -1.387798 
     58          6             0.005259   -0.649070    2.408703 
     59          1            -0.175261    0.423262    2.298781 
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     60          1            -0.851739   -1.184148    1.992572 
     61          1             0.048633   -0.875284    3.478108 
     62          6            -2.578817    2.440217    0.707233 
     63          1            -2.532018    3.492144    1.028674 
     64          8            -1.558971    1.826141    0.357224 
     65          7            -3.804084    1.916136    0.732158 
     66          1            -3.977879    0.950459    0.459847 
     67          1            -4.606989    2.460755    1.015028 
     68          1             0.111848    2.265527    0.630001 
     69          6             0.969031    4.014008   -0.898105 
     70          6             1.578017    5.088890   -1.547396 
     71          6             2.844205    5.529830   -1.158916 
     72          6             3.498381    4.889363   -0.103641 
     73          6             2.897698    3.819457    0.558989 
     74          6             1.631232    3.378386    0.159889 
     75          1            -0.014200    3.664985   -1.203539 
     76          1             1.057240    5.581597   -2.364117 
     77          1             3.313564    6.365774   -1.668295 
     78          1             4.479501    5.230837    0.214952 
     79          1             3.387487    3.335633    1.399635 
     80          8             1.080769    2.305274    0.816515 
 -------------------------------------------------------------- 
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CHAPTER 4: CONSERVED BASES FOR THE INITIAL CYCLASE IN GIBBERELLIN 
BIOSYNTHESIS: FROM BACTERIA TO PLANTS 
 
Kevin Potter, Reuben Peters*1 
Abstract 
Gibberellins are important phytohormones that play a central role in plant growth and 
development. Intriguingly, gibberellins also are produced by plant-associated bacteria and 
fungi. While there are clear enzymatic differences, indicating each of these three biological 
kingdoms independently assembled gibberellin biosynthetic pathways, the initial cyclization 
events are catalyzed by diterpene cyclases that share some, albeit distant, homology. It has 
been suggested the cyclases found in bacteria may have given rise to those found in plants. 
Here we provide support for this hypothesis by uncovering the enzymatic basis for the initial 
(bi)cyclization catalyzed by the relevant ent-copalyl diphosphate synthases (CPSs). 
Specifically, the catalytic base in these cyclases consists of a water molecule ligated by an 
asparagine-histidine dyad that is conserved between the plant and bacterial, but not fungal, 
CPSs. This supports evolutionary descent of plant terpene synthases from bacteria, and 
provides insights into the evolution of gibberellin biosynthesis.  
 
Introduction 
Gibberellins (GAs) are a diverse collection of tetracyclic diterpenoids (over 130 
identified) (MacMillan 2001) and perform numerous functions in higher plants. Most 
notably, they  are  responsible for  several growth and developmental  processes such as stem 
1 Department of Biochemistry, Biophysics and Molecular Biology, Iowa State University, Ames, IA, 50011, USA 
* Corresponding author: 4216 Mol. Biol. Bldg, Ames, IA, 50011, E-mail:rjpeters@iastate.edu 
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elongation, flowering, seed germination and more. (Stowe and Yamaki 1957; MacMillan 
2001; Morrone et al. 2009). However, these compounds are not exclusive to plants as many 
plant-associated bacteria and fungi are known to produce GAs as well (Bottini et al. 2004). 
GAs produced by phytopathogenic fungi, and similarly suggested in phtyopathogenic 
bacteria, serve as virulence factors for invasion of rice tissue (Wiemann et al. 2013; Lu et al. 
2015). Interestingly, because GAs are produced by plants, fungi and bacteria, numerous 
questions have emerged such as what are the enzymatic differences in each biosynthetic 
pathway and how did these pathways evolve in each of these kingdoms? 
The biosynthesis of GAs has been fully characterized and elucidated in plants and 
fungi, while the pathway in bacteria is still unclear. Recently, we characterized several 
enzymes from a conserved operon found in several plant-associated rhizobacteria and 
demonstrated that these enzymes catalyze the formation of the same olefinic precursors 
observed in GA biosynthesis from plants and fungi. Given these same bacteria have been 
shown to produce GAs and this is the only recognizable diterpenoid operon in these bacteria, 
we hypothesized it to be a GA biosynthetic operon (Tully et al. 1998; Bottini et al. 2004; 
Morrone et al. 2009). More recently, we have definitively proven this operon is involved in 
GA production (unpublished data). 
When comparing the GA biosynthetic pathways from plants, fungi, and bacteria, 
there are numerous enzymatic differences in the latter stages of each GA biosynthetic 
pathway. For example, during the oxidative phase, plants make use of cytochrome P450s and 
a pair of 2-oxoglutarate dependent monooxygenases, whereas fungi use cytochrome P450s 
and a desaturase. Moreover, the GA operon in bacteria contains cytochrome p450s, a short 
chain alcohol dehydrogenase and a ferredoxin. Due to these enzymatic differences, it is 
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believed these three kingdoms independently assembled the GA biosynthetic pathways and 
represents convergent evolution (Hedden et al. 2001; Morrone et al. 2009).  
This is in contrast to the early GA biosynthetic steps. The biosynthesis of GAs is 
initiated by sequential cyclization reactions catalyzed by diterpene synthases (diTPSs). 
Interestingly, these enzymes are found in all three GA biosynthetic pathways, and in fact 
share some distant homology, despite exhibiting some differences in the number of catalytic 
activities they contain and domain architecture, as shown in Figure 1. The general diterpene 
precursor, (E, E, E)-geranylgeranyl diphosphate (GGPP, 1), is (bi)cyclized to ent-copalyl 
diphosphate (ent-CPP, 2) and subsequently cyclized to ent-kaurene (3) (Scheme 1, top 
pathway). In the early diverging basal land plant, Physcomitrella patens, and in the fungus, 
Gibberella fujikuroi, these reactions are catalyzed by a single bifunctional diTPS containing 
class II and class I activities, and are composed of three domains (gamma, beta, and alpha) 
(Toyomasu et al. 2000; Hayashi et al. 2006; Cao et al. 2010; Keeling et al. 2010; Gao et al. 
2012). The class II active site is located near the N-terminus between the gamma and beta 
domains and contains an invariably conserved DxDD motif. This active site uses an acid/base 
mechanism and catalyzes the protonation-initiated (bi)cyclization of 1 to 2, wherein the 
middle aspartic acid from the DxDD motif serves as the catalytic acid (Prisic et al. 2007). 
The class I active site is located in the C-terminal alpha domain and contains conserved 
DDxxD and NSE/DTE motifs. These motifs are required for magnesium binding and 
catalyze ionization of the diphosphate moiety to further convert 2 to 3 (Gao et al. 2012). By 
contrast, in vascular plants these reactions are catalyzed by two separate monofunctional 
enzymes and are also composed of three domains. The (bi)cyclization of 1 to 2 is catalyzed 
by ent-copalyl diphosphate synthase (CPS). Further cyclization of 2 to 3 is catalyzed by ent-
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kaurene synthase (KS). (Cao et al. 2010; Keeling et al. 2010). These enzymes seem to be 
clear examples of loss of function enzymes resulting from gene duplication and 
subfunctionalization from an ancestral bifunctional diTPS (CPS/KS) that may have 
resembled and is analogous to the bifunctional CPS/KS found in P. patens (Hayashi et al. 
2006; Keeling et al. 2010). Finally, bacteria also contain separate CPS and KS enzymes. 
However, unlike the vascular plant CPS and KS, they are not composed of three domains. 
They are smaller, with the CPS consisting of only two domains (gamma and beta) and the KS 
having only one domain (alpha) (Morrone et al. 2009).  
Regardless of these differences, and as noted previously, there is distant homology 
and other marked similarities between the diTPSs from plants, fungi and bacteria involved in 
GA production. For instance, the aspartic acid rich motifs necessary for catalysis in both 
class II and class I active sites have been conserved. Furthermore, despite low sequence 
identity, the recently determined crystal structure for the KS from Bradyrhizobium japonicum 
(BjKS) was found to be comprised of a similar overall α-helical structure to the alpha 
domains of solved diTPS structures from plants. (Liu et al. 2014). Lastly, we identified that 
the open reading frames for the CPS and KS genes in B. japonicum contain an overlap of one 
nucleotide and fusion of these bacterial enzymes may have led to the bifunctional CPS/KS 
observed in plants and fungi. Taken altogether, this has led to the suggestion that diTPS from 
plants, bacteria and fungi may share a common evolutionary ancestor. (Morrone et al. 2009; 
Cao et al. 2010; Liu et al. 2014) 
Recently, we identified the catalytic base in the CPS involved in GA biosynthesis 
from Arabidopsis thaliana (AtCPS). It is composed of an activated water molecule, the base, 
ligated between a histidine (His263) and asparagine (Asn322) residues forming a catalytic 
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base group and catalyze direct deprotonation of an ent-labda-13E-en-yl* intermediate 
resulting in 2 (Potter et al. 2014). Here we report, this class II base deprotonation mechanism 
has been conserved in all CPSs from vascular plants involved in GA biosynthesis to the 
nonvascular basal land plant bifunctional CPS/KS. Furthermore, this mechanism has been 
conserved in the CPSs from the GA operon found in bacteria, whereas the fungal CPS/KS 
uses a slightly different mechanism.  These results provide insights into the evolution of the 
GA biosynthetic pathway and diTPSs, such that these results support common descent of the 
plant and bacterial CPSs, while the fungal CPS/KS represents convergent evolution.  
 
Results 
Multiple sequence alignments were constructed using CPSs and CPS/KSs from 
plants, bacteria and fungi. The characteristic DxDD motif for class II activity aligned well 
between these diTPSs. Next, we assessed the conservation pattern of the recently identified 
catalytic dyad from AtCPS (Figure S1). We determined the catalytic dyad was conserved in 
all vascular plant CPSs, and further conserved in the bifunctional nonvascular basal land 
plant CPS/KS. Surprisingly, most of the CPSs from the GA operon in several plant-
associated bacteria also contain the catalytic dyad, however a few examples have a Ser in 
place of the catalytic Asn. Another intriguing observation is that in the fungal CPS/KS, only 
the His is found. The catalytic Asn is missing and instead a Gly is observed in its place. 
However, because the catalytic Asn is located on a flexible loop region in the solved AtCPS 
crystal structure (Koksal et al. 2011), as shown in Figure S2, we made note of nearby polar 
Ser and Thr residues in the fungal CPS/KS sequence, which could functionally substitute for 
Asn to ligate a water molecule to perform base deprotonation.  
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Previously, we demonstrated that substitution of Ala for the His and Asn residues 
from the catalytic dyad in AtCPS results in water incorporation at the ent-labda-13E-en-yl* 
intermediate resulting in epimers of ent-8(α or β)-hydroxy-copalyl diphosphate (4 for ent-8α-
OH-CPP, 5 for ent-8β-OH-CPP) due to perturbed binding of the water molecule necessary 
for direct deprotonation (Scheme 1, bottom pathway). Our hypothesis was if these CPSs and 
CPS/KSs indeed share an evolutionary origin and have conserved the base deprotonation 
mechanism, we should observe the same profound effects in product outcome as seen with 
the previously reported AtCPS:H263A and AtCPS:N322A mutants (Potter et al. 2014). 
Therefore, we constructed HisAla and AsnAla mutants for the CPS from the monocot 
rice (Oryza sativa; OsCPS1; OsCPS1:H304A, OsCPS1:N363A), the  bifunctional CPS/KS 
from moss (Physcomitrella patens; PpCPS/KS; PpCPS/KS:D635A H302A, 
PpCPS/KS:D635A N362A), the bifunctional CPS/KS from fungi (Gibberella fujikuroi; 
GfCPS/KS; GfCPS/KS:D668A H206A, GfCPS/KS:D668A S270A, GfCPS/KS:D668A 
T272A), and the CPS from rhizobacteria (Sinorhyzobia fredii; NGRCPS; NGRCPS:H172A, 
NGRCPS:N239A) (Toyomasu et al. 2000; Otomo et al. 2004; Prisic et al. 2004; Hayashi et 
al. 2006; Hershey et al. 2014). In the bifunctional PpCPS/KS and GfCPS/KS, the class II 
mutations were constructed in the context of previously characterized class I knockouts to 
directly observe class II products, which was accomplished by mutating the first aspartic acid 
from the critical class I DDxxD motif. (PpCPS/KS:D635A, GfCPS/KS:D668A) (Toyomasu 
et al. 2000; Hayashi et al. 2006). After we constructed these mutants, we expressed the CPS 
and CPS/KS mutants through our modular metabolic engineering system, which is an E. coli 
strain engineered to overproduce 1 (Cyr et al. 2007), and screened the dephosphorylated 
products by GC-MS detection. 
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As expected, the resulting OsCPS1 and PpCPS/KS mutants all produced primarily 4 
and 5 as shown in Figure 2. This is consistent with the results obtained with the catalytic 
dyad mutants previously characterized in AtCPS. Furthermore, the ratios of 4:5 observed in 
the His and Asn mutants are essentially the same as that observed in the AtCPS mutants 
(Potter et al. 2014). Altogether, these results demonstrate the class II base deprotonation 
mechanism has been conserved in all plant CPSs involved in GA production to the CPS/KS 
from the nonvascular basal land plant, which lacks the latter steps of the GA biosynthetic 
pathway.  
Surprisingly, the GfCPS/KS mutants displayed varying levels of activity as seen in 
Figure 3. The GfCPS/KS:D668A H206A mutant displays a similar phenotype and the ratio 
for 4:5 is the same as that seen in the plant diTPSs mutants.  More importantly, while 
GfCPS/KS lacks the catalytic Asn, the nearby Thr mutant, GfCPS/KS:D668A T272A, also 
produces mostly 4 and 5 and in a similar ratio as that seen in the plant diTPSs mutants. We 
also screened the GfCPS/KS:D668A S270A mutant, however while 4 and 5 are produced, 
the major product is 2. Therefore, the Ser residue does not significantly contribute to the 
reaction mechanism and the catalytic dyad in GfCPS/KS is composed of His206 and Thr272.  
Unfortunately, any attempts to express the bacterial NGRCPS resulted in no 
detectable class II enzymatic products. However, as shown previously and seen in Figure 4, 
coexpression with a downstream KS, resulted in production of 3, albeit in limited quantities. 
(Morrone et al. 2009; Hershey et al. 2014). In recent work, we have shown downstream KSs 
can readily react with 4 and 5 to produce ent-13-epi-manoyl oxide (6) (Scheme 1, bottom 
pathway) (Mafu et al. 2015). Therefore, we coexpressed NGRCPS:H172A with AtKS and, 
after GC-MS analysis of the products, we detected 6, which provides indirect evidence that 
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the  NGRCPS:H172A mutant indeed produces 4 and 5. More importantly, these results 
demonstrate that the bacterial CPSs have conserved the class II base deprotonation 
mechanism seen in the plant diTPSs.  
As noted previously, several CPSs from other species of rhizobia, such as Rhizobium 
etli (ReCPS), lack the catalytic Asn, and instead contain a Ser as seen in Figure S1. 
Previously, we demonstrated 3 was produced following coexpression of ReCPS with a 
downstream KS (Hershey et al. 2014). However, due to the natural variation and small size 
of Ser at this position, we hypothesized these CPSs are actually ent-copal-8-ol synthases 
(CLSs). After coexpression of ReCPS with AtKS, we observed 6 and 3 in roughly a 5:1 ratio, 
indicating ReCPS produces mostly 4 and 5 and minor amounts of 2 (Figure 4 and S3). This 
result is the second demonstration of a native enzyme possessing ent-CLS activity with the 
other being of plant origin and recently identified from Salvia miltiorrhiza (SmCPS4) (Cui et 
al. 2015). Interestingly, both of these CPSs contain Ser in place of the Asn, consistent with 
our previous results and demonstrated here for the capacity to incorporate water by 
substituting smaller residues in place of the catalytic dyad positions. Lastly, the significance 
of 6 and derived diterpenoids in these organisms will be of interest in future work as their 
function in vivo is currently unknown. 
 
Discussion 
The GA biosynthetic pathway is found throughout vascular plants, fungi and bacteria. 
The latter steps of the pathway are varied by numerous enzymatic differences and represent 
convergent evolution (Hedden et al. 2001; Morrone et al. 2009). However, the initial 
cyclization steps transforming 1 to 3 are catalyzed by diTPSs and are conserved in all three 
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GA biosynthetic pathways. The relationship between these diTPSs and their biosynthetic 
origins were unclear. The diTPSs from the different biological kingdoms exhibit limited 
homology and have conserved the aspartic acid rich motifs necessary for catalysis (Morrone 
et al. 2009). Furthermore, there is structural homology between the crystal structures of plant, 
fungal and bacterial diTPSs (Liu et al. 2014). Taken altogether, we previously hypothesized 
that these diTPSs involved in GA biosynthesis shared a common evolutionary ancestor 
(Morrone et al. 2009).  
Here we have shown the complete enzymatic basis for the initial (bi)cyclization step 
catalyzed by CPSs and the class II active site of CPS/KSs has been conserved from all plants 
to bacteria, with most of these diTPSs involved in GA biosynthesis.  This mechanistic 
evidence provides support that the plant and bacterial cyclases are indeed evolutionarily 
related and share a common ancestor rather than represent convergent evolution. The 
evolutionary model has been illustrated in Figure 5. We speculate plants obtained the 
diterpene cyclases during the endosymobiotic event involving cyanobacteria for the 
formation of plastids in plants (Reyes-Prieto et al. 2007; Gould et al. 2008). Although the 
role of 3 is not known, it has been implicated in seed germination and other development 
processes in the bryophyte Physcomitrella patens (Anterola et al. 2009; Hayashi et al. 2010). 
Therefore, the genes horizontally transferred to the plant genome and were maintained for 
these functions. During evolution, plants fused the bacterial CPS and KS to form a single 
bifunctional CPS/KS, such as that found in the nonvascular basal land plants. As these plants 
evolved vasculature and the enzymes necessary for the later steps in gibberellin production, 
the genes were duplicated and underwent subfunctionalization followed by activity loss, 
generating separate CPS and KS plant diterpene cyclases, while maintaining the fused 
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tridomain architecture. Perhaps this occurred due to the need for tighter regulation between 
GA and chlorophyll carbon flux. Indeed, we have previously shown the CPS involved in GA 
biosynthesis is susceptible to substrate co-inhibition by GGPP and the magnesium cofactor, 
which further supports this evolutionary scenario (Prisic and Peters 2007; Mann et al. 2010). 
Intriguingly, sequence alignments showed the fungal CPS/KS contains a His, but 
does not contain the Asn from the catalytic dyad seen in plant and bacterial diTPSs. Instead, 
here we show the fungal CPS/KS makes use of a His and Thr catalytic dyad for base 
deprotonation, with some assistance from a nearby Ser residue. In addition, we previously 
noted that the spacing between the metal binding motifs in the class I active site are spaced 
differently, 180 amino acids versus 130-140 amino acids, when compared to the KSs from 
bacteria or plant origin (Morrone et al. 2009). Also, these metal binding motifs display some 
variation in a number of residues when compared to bacterial or plant KSs. Taken altogether, 
our results suggest the fungal CPS/KSs are quite different and represent convergent evolution 
rather than sharing an evolutionary origin with plant and bacterial diTPSs involved in GA 
biosynthesis. 
 
Experimental Section 
All reagents were purchased from Fisher Scientific unless noted otherwise. The 
enzyme assays were conducted in a previously described modular metabolic engineering 
system in E. coli (Cyr et al. 2007). To increase carbon flux through an introduced isoprenoid 
pathway, a compatible plasmid (pIRS) was co-transformed into E. coli (Morrone et al. 
2010b). This system delivers metabolic flux towards the diterpene precursor, GGPP (1), and 
the diTPS can be co-expressed that were recombined into DESTination cassettes by the 
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Gateway cloning system (Invitrogen), which has been inserted into a set of compatible Duet 
vectors (Novagen) (Morrone et al. 2010b). The recombinant enzymes used in this study were 
expressed as previously described pseudomature constructs for AtCPS (Potter et al. 2014), 
OsCPS1 (Otomo et al. 2004; Prisic et al. 2004), PpCPS/KS (Hayashi et al. 2006), GfCPS/KS 
(Toyomasu et al. 2000), NGRCPS (Hershey et al. 2014), ReCPS (Hershey et al. 2014), and 
the KS from the dicot Arabidopsis thaliana (AtKS) (Yamaguchi et al. 1998). 
Mutants were generated by whole-plasmid PCR amplification with overlapping 
mutagenic primers of pENTR/SD/d-TOPO (Invitrogen) clones, and verified by complete 
gene sequencing prior to transfer by directional recombination to expression vectors, pGG-
Dest for the CPSs. In the CPS and KS coexpression studies, ReCPS, NGRCPS and NGRCPS 
mutants were transferred into pDest17 and AtKS was transferred into pGG-Dest. The 
constructs were transformed into the C41 OverExpress strain of Escherichia coli (Lucigen) 
and heterologously expressed, as previously described (Peters et al. 2000). Briefly, the 
recombinant mutant clones were grown in liquid NZY media (10 g casein, 10 g NaCl, 5 g 
yeast extract, 1 g MgSO4 (anhydrous) in 1 L H2O, and pH adjusted to 7.0) at 37°C to OD600 = 
0.6, then transferred to 16°C for an hour and induced with 0.5 mM IPTG. At time of 
induction, cultures were supplemented with phosphate buffer (pH 7.0) to 100 mM, sodium 
pyruvate to 50 mM, and MgCl2 to 1 mM (final concentrations), as previously described 
(Morrone et al. 2010b). After 3 days fermentation at 16°C, enzymatic products  were 
extracted by addition of equal volume of hexanes and gentle swirling, the organic solvent 
was separated out and then dried under N2, with the residue resuspended in fresh hexanes and 
analyzed by GC-MS. Analysis of products by GC-MS was carried out as previously 
described (Morrone et al. 2010a), a 3900 GC with Saturn 2100T ion trap MS (Varian), 
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equipped with a HP-5MS column (Agilent, 0.25 μm, 0.25 ID, 30 m) with a He flow rate of 
1.2 mL/min, and the following oven temperature program: 50°C for 3 min, 15°C/min to 
300°C, hold 3 min. Samples (1 μL) were injected by splitless injection at 250°C.  
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Figure 1: Comparison of the diTPSs involved in ent-kaurene production from plants, fungi 
and bacteria. 
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Scheme 1: GGPP is (bi)cyclized to ent-CPP and further converted to ent-kaurene by CPS and 
KS, respectively, en route to gibberellins. In the CPS mutants, GGPP is converted to 8-OH 
epimers of 8-OH-ent-CPP and further converted to ent-13-epi-manoyl oxide by KS. 
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Figure 2: GC-MS chromatograms of dephosphorylated class II products from wild-type or 
mutant CPSs and CPS/KSs from plants.  
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Figure 3: GC-MS chromatograms of dephosphorylated class II products wild-type or mutant 
CPS/KSs from fungi. 
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Figure 4: GC-MS chromatograms of dephosphorylated 1 and class I products from 
coexpression of wild-type or mutant CPSs from two different rhizobacteria with AtKS. 
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Figure 5: Model for the evolution of diTPSs involved in GA biosynthesis from bacteria to 
plants. 
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Figure S1: Multiple sequence alignment of CPSs and CPS/KSs from plants, fungi and 
bacteria. Red circles show conservation of His and Asn residues from the catalytic base 
group. Note the Asn residue has been replaced by Gly in GfCPS/KS and nearby Thr and Ser 
residues. Also, note the natural variation observed of Ser in place of Asn in ReCPS. 
I A RG I - - N I D V P - YD S P V L K D I Y A K K E L K L T R I PK E I MH K I PT
A A RG L - - G I D F P - YDH P A L K G I Y AN R E L K L K R I PK DMMH I V PT
D A K A L - - G L D L P - YD A T I L QQ I SA ER EK KMK K I PMAMV YK Y PT
M L E K - - - E L D V P S F E F P CR S I L E RMHG EK L GH FD L EQV YGK P S
EA A S L L GGV A F PRH - - P A L L P L RQA C L V K L GA V AM - - - - - L P S
T - - L L H S L EGM - RD L DWEK L L K L Q SQDG S F L F S P S ST A F A FMQ
S - - I L H S L EGM - PG L DWQR L L K L QC SDG S F L F S P SA T A YA LMQ
T - - L L H S L EG L H R E V DWN K L L Q L Q SENG S F L Y S PA ST A CA LM Y
S - - L L H S L EA F L GK L D FD R L SH - H L YHG SMMA S P S ST A A Y L I G
GH P L L H SWEAW- - - - GT S PT T A C PDDDG S I G I S PA A T A AWRAQ
T R - - D S - - - - - N C L E Y L RN A V K R F - - - - NGGV PN V F PV D L F EH
T G - - D K - - - - - K C F A Y I D R I I K K F - - - - DGGV PN V Y PV D L F EH
T K - - D V - - - - - K C FD Y L NQ L L I K F - - - - DH A C PN V Y PV D L F ER
A T KWDD - - - - - EA ED Y L RH VMRNGA GHGNGG I SGT F PT T H F EC
A V T RG ST PQV GRA D A Y L QMA SRA T R SG I EGV F PN VWP I N V F E P
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Figure S2: Flexible loop region containing Pro321, the catalytic Asn322 from the catalytic 
base group (ligating water molecule with His263), and Val323 residues in the solved AtCPS 
crystal structure. These residues are replaced by Ser270, Gly271, and Thr272 in GfCPS/KS, 
respectively. 
 
 
 
 
 
 
 
 
Figure S3: Extracted ion GC-MS chromatogram of dephosphorylated 1 and class I products 
from coexpression of ReCPS with AtKS. 
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CHAPTER 5: MUTAGENESIS OF THE RICE SYN-COPALYL DIPHOSPHATE 
SYNTHASE RESULTS IN NOVEL ENZYME ACTIVITY 
 
Kevin Potter, Meirong Jia, and Reuben Peters*1 
Abstract 
The labdane-related diterpenoids (LRDs) are a large class of natural products, with 
over 7,000 known, whose biosynthesis is initiated by the characteristic action of class II 
diterpene synthases. These enzymes catalyze bicyclization of the general diterpene precursor 
(E,E,E)-geranylgeranyl diphosphate, most often with immediate deprotonation to the 
eponymous labdadienyl/copalyl diphosphate (CPP). This CPP can be produced as 
stereochemical variants, with only one such CPP synthase (CPS) producing syn-CPP known 
from plants, the rice (Oryzae sativa) OsCPS4. Through site-directed mutagenesis studies of 
the catalytic base, here we report a single residue change (H501D) that leads to partial 
rearrangement following initial bicyclization, such that the unique compound syn-
halimadienyl diphosphate is produced. The implications of this result for our mechanistic 
understanding of such enzymatic activity are further discussed. 
 
Introduction 
Labdane-related diterpenoids are an incredibly varied set of natural products with 
over 7,000 of these compounds known.1 These compounds are classified by their 
biosynthetic origins revolving around their characteristic trans-decalin core ring structure, 
which  is formed  by a  unique  class  of enzymes  called class  II diterpene cyclases (diTPC). 
1 Department of Biochemistry, Biophysics and Molecular Biology, Iowa State University, Ames, IA, 50011, USA 
* Corresponding author: 4216 Mol. Biol. Bldg, Ames, IA, 50011, E-mail:rjpeters@iastate.edu 
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These enzymes catalyze the determining step into LRDs biosynthesis and the protonation-
initiated carbocationic (bi)cyclization of the general diterpene precursor, (E, E, E)-
geranylgeranyl diphosphate (GGPP, 1), with direct deprotonation of a labda-13E-en-8-yl* 
intermediate resulting in labdadienyl/copalyl diphosphate (CPP) formation (Scheme 1). 
There are four stereoisomers of CPP depending on the prochiral confirmation 1 attains in the 
active site just before catalysis. One such stereoisomer is called syn-CPP (2) (9S, 10R), 
which is formed by a pro-chair-boat stereoconfiguration of 1 leading to syn orientation of the 
C-9 hydride and C-10 methyl groups.1 
The only plant CPP synthase (CPS) shown to catalyze formation of 2 is from rice 
(Oryzae sativa) called syn-copalyl diphosphate synthase (OsCPS4).2  This CPS is involved in 
the production of momilactones A and B, oryzalexin S, known phytoalexins with anti-fungal 
activity, and an unknown syn-stemodene derived LRDs.3-5 The momilactones A and B have 
additionally been shown to display allelochemical activities.6, 7 Thus, this enzyme represents 
a key target for engineering and understanding the biochemical reaction mechanism would 
provide opportunities to increase yield and flux towards syn-CPP derived LRDs such as 
these. 
 Much work has been done to understand the reaction mechanisms of diTPCs. The 
catalytic acid responsible for initiating the reaction has been previously identified as the 
middle aspartic acid from an invariably conserved DxDD motif.8 However, the catalytic base 
does not appear to be well-conserved. Perhaps, this is due to the variation in substrate 
conformation leading to the different stereoisomers of CPP. Hence, the conservation of the 
catalytic base may be controlled by stereochemical product output and the catalytic base in 
OsCPS4 for formation of 2 is currently unknown.9  
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Nevertheless, we recently identified the catalytic base in the class II active site of 
abietadiene synthase from Abies grandis (AgAS), which produces CPP (9R, 10R) and ent-
copalyl diphosphate synthase from Arabidopsis thaliana (AtCPS), which produces ent-CPP 
(9S, 10S). In AgAS, a histidine-tyrosine dyad is responsible for base deprotonation, whereas 
in AtCPS a catalytic base group consisting of a water molecule ligated by a histidine-
asparagine dyad performs base deprotonation.9-11 In both catalyzed reactions, histidines are 
implicated in the base deprotonation reaction mechanism and may signify a pattern in diTPC. 
Due to this observation, we hypothesized that histidines, as part of a catalytic dyad, may play 
a role in base deprotonation in OsCPS4 for formation of 2.  
Through protein modeling, sequence alignments and site-directed mutagenesis 
targeting histidines found in the active site of the OsCPS4 model, we report novel enzymatic 
activity resulting from a single amino acid change (H501D), which leads to partial 
rearrangement by 1,2-hydride and methyl shifts following bicyclization producing syn-
halimadienyl diphosphate (syn-HPP). Although it is not clear whether the histidine is 
involved in the base deprotonation mechanism or how this amino acid change affects product 
outcome, through QCC analysis we further discuss the mechanistic implications for such 
catalyzed reactions.  
 
Results 
A model of OsCPS4 was constructed using the SWISS-MODEL server based on the 
solved AtCPS crystal structure.12-16 Since the previously identified histidines in AgAS and 
AtCPS were found in the gamma domain of the class II active site, across the active site from 
the DxDD motif, we focused here and identified three histidines (H251, H275 and H501) 
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found in the active site of the OsCPS4 model as shown in Figure 1. Comparison of multiple 
sequence alignments, shown in Figure 2, indicated OsCPS:H251 is in the same position as 
the histidine identified from the catalytic base group in AtCPS, suggesting it may play a role 
in the base deprotonation mechanism in OsCPS4. The OsCPS4:H275 residue showed some 
variation at this position from being conserved as a leucine and a histidine. Interestingly, the 
OsCPS4:H501 residue was invariably conserved in the class II active site of diTPC as a Tyr. 
OsCPS4 was the only example which contained a His at this position, suggesting a possible 
functional role in the base deprotonation mechanism as well. 
In our previous experiments with AtCPS and AgAS, alanine mutants for the catalytic 
histidines resulted in water incorporation at the labda-13E-en-yl* intermediate generating 
epimers of 8(α or β)-hydroxy-CPP, with normal stereochemistry for AgAS or ent 
stereochemistry for AtCPS.9, 10 Our hypothesis was if these histidines found in OsCPS4 
contributed to the base deprotonation mechanism, we should observe similar water 
incorporation at the syn intermediate and formation of epimers of hydroxylated variants of 
syn-CPP. Therefore, we constructed Ala mutants for each of the histidines found in OsCPS4 
(H251A, H275A, H501A) and screened these mutants through our modular metabolic 
engineering system, which is E. coli engineered to produce 1, and analyzed the 
dephosphorylated products by GC-MS.17 
Surprisingly, both OsCPS4:H251A and OsCPS4:H275A simply resulted in decreased 
levels of activity, as judged by the residual 1 leftover compared to wild-type (Figure 3). 
However, the OsCPS4:H501A mutant produced minor amounts of 2 and an unidentified 
compound. Due to the limited quantities produced in this mutant, we were unable to isolate 
this new compound for structural determination. 
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Intrigued by these results, we constructed more mutants at these positions. In 
particular, we have previously shown that substitution of Asp for the His in both AgAS and 
AtCPS led to more product formation. In the case of AgAS:D621A H348D, we showed 
greater specificity for formation of the hydroxylated compounds when compared with the 
H348A mutant.10 Also, although this mutant did not result in water incorporation, the 
AtCPS:H263D mutant does appear to produce more ent-CPP when compared to wild-type.9 
Therefore, we constructed Asp mutants (H251D, H275D, H501D) in OsCPS4 and screened 
the dephosphorylated products by GC-MS. 
Unfortunately, the H251D and H275D mutants displayed lower levels of activity 
compared with the alanine mutants. However, the H501D mutant resulted in higher 
production of the unknown compound as compared to the H501A mutant (Figures 4 and S4). 
Due to this increased production, we isolated and purified approximately 2 mg of this 
compound (Figure 4; bottom) and determined the structure by NMR (see Figures S1, S2, S3 
and Table S1). We determined the novel compound being produced is syn-halima-5, 13E-
dien-15-ol (3); thus OsCPS4:H501D produces syn-HPP and represents novel enzymatic 
activity. 
To further determine if the H501 is involved in a base deprotonation mechanism, we 
examined whether any residues were within hydrogen bonding distance to H501 in the 
OsCPS4 model. As noted earlier, we found catalytic dyads in both AgAS and AtCPS and we 
hypothesized an analogous dyad may be also found in OsCPS4.9-11 In our search of the 
OsCPS4 model, we found a residue within possible hydrogen bonding distance to H501 to be 
C310 as shown in Figure 1. Accordingly, we constructed the OsCPS4:C310A mutant, 
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however no effect was observed in product outcome (Figure 5). Thus, exactly how H501 is 
involved in the base deprotonation mechanism remains to be determined. 
The production of syn-HPP proceeds via 1,2-hydride and methyl shifts of the initially 
formed syn-labda-13E-en-8-yl* intermediate and is finally deprotonated at C6 as shown in 
Scheme 1. The introduced H501D change partially blocks direct deprotonation and promotes 
for these rearrangements to occur, however exactly how this occurs remains obscure. In 
recent work, we introduced a similar effect into AtCPS by substituting an aromatic group for 
the catalytic histidine, which blocked direct deprotonation and promoted full rearrangements 
by 1,2-hydride and methyl shifts resulting in (-)-kolavenyl diphosphate formation.18 We 
performed QCC analysis of the full rearrangement cycle and showed that all transition states 
are isoenergetic and have similar energy barriers, except for the last methyl shift. This methyl 
shift has a large energy barrier and is energetically unfavorable. We argued that lack of any 
other base overrides these conditions in AtCPS, thereby allowing for the last methyl shift to 
occur followed by deprotonation and (-)-kolavenyl diphosphate formation.10 In the 
OsCPS4:H501D mutant, we believe the introduced change partially blocks direct 
deprotonation and similarly promotes rearrangements to occur. However, we hypothesize this 
mutant lacks the capabilities to override the large energy barrier and contains an appropriate 
base resulting in base deprotonation at C-6 and syn-halimadienyl diphosphate formation.  
 
Discussion 
The only plant CPS known to catalyze formation of 2 is from rice called OsCPS4.2 
This enzyme is involved in the biosynthesis of compounds thought to function as 
phytoalexins and allelochemicals.3 OsCPS4 is part of a larger group of enzymes called 
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diTPCs and we have shown these enzymes display a large amount of catalytic plasticity 
which underlies the diversity of LRDs.9, 10 Here we have shown that mutation of a histidine 
(H501) found in the OsCPS4 active site based on a model and sequences alignments results 
in novel enzymatic activity. The H501D change partially blocks direct deprotonation and 
promotes rearrangements after the initially formed syn-labda-13E-en-8-yl* intermediate. 
However, exactly how this occurs remains obscure. Future work will be aimed to further 
dissect the reaction mechanism of OsCPS4. Also, detailed crystal structures for OsCPS4 may 
provide a better interpretation for the observed change in activity. Lastly, from previous QCC 
analysis performed on the catalyzed rearrangement reaction, we noted a high energy barrier 
for the last methyl shift and that this shift is energetically unfavorable.10 We speculate 
OsCPS4 lacks the capabilities to override this barrier and that an appropriate base catalyzes 
deprotonation at C-6 resulting in syn-HPP formation.  
Regardless of the exact mechanism, some LRDs isolated from Vitex agnus and Vitex 
rotundifolia, belonging to the Verbenaceae plant family, seem to be derived from syn-
halimadienyl diphosphate. These Chinese medicinal plants have been widely used in Korea, 
China and Japan for treatment of inflammation, headache, migraine, chronic bronchitis, eye 
pain and gastrointestinal infections.19, 20 This suggests a diTPC contains this inherent activity 
found in this plant. It will be interesting to determine the active site composition that leads to 
this activity and whether any insights can be used to determine how the H501D change 
affects the catalyzed reaction in OsCPS4. Finally, these studies further illustrate the plasticity 
of diTPCs, which underlies the evolution of LRDs.  
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Experimental Section 
All reagents were purchased from Fisher Scientific unless noted otherwise. The 
enzyme assays were conducted in a previously described modular metabolic engineering 
system in E. coli 17. To increase carbon flux through an introduced isoprenoid pathway, a 
compatible plasmid (pIRS) was co-transformed into E. coli 21. This system delivers metabolic 
flux towards the diterpene precursor, GGPP (1), and the diTPS can be co-expressed that were 
recombined into DESTination cassettes by the Gateway cloning system (Invitrogen), which 
has been inserted into a set of compatible Duet vectors (Novagen) 21. The recombinant 
enzymes used in this study were expressed as previously described pseudomature constructs 
for OsCPS4.2 
Mutants were generated by whole-plasmid PCR amplification with overlapping 
mutagenic primers of pENTR/SD/d-TOPO (Invitrogen) clones, and verified by complete 
gene sequencing prior to transfer by directional recombination to the pGG-Dest expression 
vector. The constructs were transformed into the C41 OverExpress strain of Escherichia coli 
(Lucigen) and heterologously expressed, as previously described 22. Briefly, the recombinant 
mutant clones were grown in liquid NZY media (10 g casein, 10 g NaCl, 5 g yeast extract, 1 
g MgSO4 (anhydrous) in 1 L H2O, and pH adjusted to 7.0) at 37°C to OD600 = 0.6, then 
transferred to 16°C for an hour and induced with 0.5 mM IPTG. At time of induction, 
cultures were supplemented with phosphate buffer (pH 7.0) to 100 mM, sodium pyruvate to 
50 mM, and MgCl2 to 1 mM (final concentrations), as previously described 
21. After 3 days 
fermentation at 16°C, enzymatic products  were extracted by addition of equal volume of 
hexanes and gentle swirling, the organic solvent was separated out and then dried under N2, 
with the residue resuspended in fresh hexanes and analyzed by GC-MS. Analysis of products 
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by GC-MS was carried out as previously described 23, a 3900 GC with Saturn 2100T ion trap 
MS (Varian), equipped with a HP-5MS column (Agilent, 0.25 μm, 0.25 ID, 30 m) with a He 
flow rate of 1.2 mL/min, and the following oven temperature program: 50°C for 3 min, 
15°C/min to 300°C, hold 3 min. Samples (1 μL) were injected by splitless injection at 250°C.  
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Figures 
 
 
 
 
Scheme 1: (a) Cyclization of GGPP and direct deprotonation leads to CPP. (b) Cyclization 
and partial rearrangement followed by direct deprotonation leads to halimadienyl 
diphosphate. 
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Figure 1: Model of OsCPS4 active based on AtCPS crystal structure shown in cartoon 
format. Model created by Swiss-Pro and image created using PyMol.13-16, 24 The DxDD motif 
is on the left and the targeted histidines and cysteine residues are on the right with both 
shown in stick representation. 
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#                                     #   
         AtCPS  (251) KEIMHKIPTTLLHSLEGMR-DLDWEKLLKLQSQDGSFLFSPSSTAFAFMQ 
        OsCPS1  (292) KDMMHIVPTSILHSLEGMP-GLDWQRLLKLQCSDGSFLFSPSATAYALMQ 
        OsCPS2  (248) REALHARPTTLLHSLEGME-NLDWERLLQFKCPAGSLHSSPAASAYALSE 
        OsCPS4  (239) RDVLHAMPTTLLHSLEGMV-DLDWEKLLKLRCLDGSFHCSPASTATAFQQ 
       PpCPSKS  (290) MAMVYKYPTTLLHSLEGLHREVDWNKLLQLQSENGSFLYSPASTACALMY 
                                            *                       
         AtCPS  (300) TRDSNCLEYLRNAVKRFNGGVPNVFPVDLFEHIWIVDRLQRLGISRYFEE 
        OsCPS1  (341) TGDKKCFAYIDRIIKKFDGGVPNVYPVDLFEHIWVVDRLERLGISRYFQR 
        OsCPS2  (297) TGDKELLEYLETAINNFDGGAPCTYPVDNFDRLWSVDRLRRLGISRYFTS 
        OsCPS4  (288) TGDQKCFEYLDGIVKKFNGGVPCIYPLDVYERLWAVDRLTRLGISRHFTS 
       PpCPSKS  (340) TKDVKCFDYLNQLLIKFDHACPNVYPVDLFERLWMVDRLQRLGISRYFER 
                                                                   
         AtCPS  (350) EIKECLDYVHRYWTDNGICWARCSHVQDIDDTAMAFRLLRQHGYQVSADV 
        OsCPS1  (391) EIEQNMDYVNRHWTEDGICWARNSNVKEVDDTAMAFRLLRLHGYNVSPSV 
        OsCPS2  (347) EIEEYLEYAYRHLSPDGMSYGGLCPVKDIDDTAMAFRLLRLHGYNVSSSV 
        OsCPS4  (338) EIEDCLDYIFRNWTPDGLAHTKNCPVKDIDDTAMGFRLLRLYGYQVDPCV 
       PpCPSKS  (390) EIRDCLQYVYRYWKDCGIGWASNSSVQDVDDTAMAFRLLRTHGFDVKEDC 
                                                                  
         AtCPS  (400) FKNFEKEGEFFCFVGQSN-QAVTGMFNLYRASQLAFPREE-ILKNAKEFS 
        OsCPS1  (441) FKNFEKDGEFFCFVGQST-QAVTGMYNLNRASQISFPGED-ILQRARNFS 
        OsCPS2  (397) FNHFEKDGEYFCFAGQSS-QSLTAMYNSYRASQIVFPGDDDGLEQLRAYC 
        OsCPS4  (388) LKKFEKDGKFFCLHGESNPSSVTPMYNTYRASQLKFPGDDGVLGRAEVFC 
        PpCPSKS (440) FRQFFKDGEFFCFAGQSS-QAVTGMFNLSRASQTLFPGES-LLKKARTFS 
                                                                 
         AtCPS  (448) YNYLLEKREREELIDKWIIMKDLPGEIGFALEIPWYASLPRVETRFYIDQ 
        OsCPS1  (489) YEFLREREAQGTLHDKWIISKDLPGEVQYTLDFPWYASLPRVEARTYIGQ 
        OsCPS2  (446) RAFLEERRATGNLMDKWVIANGLPSEVEYALDFPWKASLPRVETRVYLEQ 
        OsCPS4  (438) RSFLQDRRGSNRMKDKWAIAKDIPGEVEYAMDYPWKASLPRIETRLYLDQ 
       PpCPSKS  (488) RNFLRTKHENNECFDKWIITKDLAGEVEYNLTFPWYASLPRLEHRTYLDQ 
                                   #                                  
         AtCPS  (498) YGGENDVWIGKTLYRMPYVNNNGYLELAKQDYNNCQAQHQLEWDIFQKWY 
        OsCPS1  (539) YGGNDDVWIGKTLYRMPIVNNATYLELAKQDFNRCQALHQHELQGLQKWF 
        OsCPS2  (496) YGASEDAWIGKGLYRMTLVNNDLYLEAAKADFTNFQRLSRLEWLSLKRWY 
        OsCPS4  (488) YGGSGDVWIGKVLHRMTLFCNDLYLKAAKADFSNFQKECRVELNGLRRWY 
       PpCPSKS  (538) YG-IDDIWIGKSLYKMPAVTNEVFLKLAKADFNMCQALHKKELEQVIKWN 
                                                                   
 
 
Figure 2: Multiple sequence alignments comparing the 3 histidines, denoted by #, and 
cysteine, denoted by *, identified in OsCPS4 in homologous CPSs. 
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Figure 3: GC-MS chromatograms and spectra of the dephosphorylated products extracted 
from wild-type OsCPS4 and alanine mutants (H251A, H275A, H501A) expression studies. 
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Figure 4: GC-MS chromatograms and spectra of the dephosphorylated products extracted 
from wild-type OsCPS4 and aspartate mutants (H251D, H275D, H501D) expression studies. 
The GC-MS chromatogram and spectrum of the purified syn-halimadien-15-ol (3) are shown 
below. 
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Figure 5: GC-MS chromatogram of dephosphorylated products extracted from 
OsCPS4:C310A mutant. 
 
 
Supplementary Information 
 
 
 
 
Figure S1: 1H spectra obtained for syn-halima-5,13E-dien-15-ol purified from 
OsCPS4:H501D mutant. Carbon numbering and HMBC correlation and NOESY Nuclear 
Overhauser Effect correlations used to assign configurations. 
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Table S1: 1H and 13C NMR assignments for syn-halima-5,13E-dien-15-ol (solvent CDCl3). 
Note: The chemical shift values of C11 and C20 are determined by HSQC and HMBC, 
respectively, due to low 13C signal.  
 
 
 
Position syn-halima-5,13E-dien-15-ol 
 δH δC 
1 a 1.75 (1H, m)  29.2 
   b 1.05 (1H, m)  
2  1.60 (2H, m) 23.3 
3 a 1.43 (1H, m) 42.4 
   b 1.18 (1H, m)  
4  36.9 
5  146.9 
6  5.32 (1H, t, J = 3.4 H ) 114.7 
7 a 2.05 (1H, d, J = 12.0 Hz) 31.3 
   b 1.68 (1H, m)  
8 1.63 (1H, m) 33.2 
9  36.2 
10  1.98 (1H, d, J = 12.6 Hz) 41.2 
11 a 1.42 (1H, m) 32.2 
     b 1.26 (1H, m)  
12   1.92 (2H, m) 33.9 
13  141.6 
14  5.39 (1H, tq, J = 6.99, 1.18 Hz) 123.2 
15  4.12 (2H, d, J = 6.99 Hz) 59.8 
16  1.66 (3H, s) 16.7 
17 0.78 (3H,d, J = 6.8 Hz ) 14.8 
18 1.04 (3H, s) 29.7 
19 1.02 (3H, s) 27.1 
20 0.81 (3H, s) 22.4 
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Figure S2: 1H Spectrum of syn-halima-5,13E-dien-15-ol. 
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Figure S3: 13C Spectrum of syn-halima-5,13E-dien-15-ol.  
 
 
 
 
 
 
 
 
Figure S4: Comparison of GC-MS spectra of 2 and purified 3. 
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CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS 
 
This dissertation presents detailed mechanistic investigations on the diTPCs involved 
in LRDs biosynthesis and illustrates the plasticity of these enzymes. Here the BASEs for 
catalysis in diTPCs are presented as a result of subtle changes around the site of 
deprotonation in AtCPS. Through these studies, we now understand mechanistically how 
deprotonation, quenching and rearrangement reactions are catalyzed all within the context of 
a single enzyme as shown in Figure 1.  
Guided by the solved crystal structure for AtCPS[1] and multiple sequence alignments, 
the catalytic base group in AtCPS was identified.[2] This base group consists of a water 
molecule, the base, ligated between invariably conserved His and Asn residues and together 
catalyzes deprotonation of the reactive intermediate to produce ent-CPP. These two residues 
were mutated both to Ala as single and double mutants and screened through a modular E. 
coli metabolic engineering system. Remarkably, these mutants failed to significantly produce 
ent-CPP and instead incorporated water into their reactions resulting in novel enzymatic 
activity and production of 8-OH epimers of ent-labda-13E-en-8, 15-diol. No diTPCs had 
been shown to incorporate water into the catalyzed reaction with ent stereochemistry. More 
importantly, we uncovered the reaction mechanisms for both base deprotonation and water 
quenching within a single enzyme.[2]  
Now that the catalytic base group had been identified, efforts to block the catalytic 
base, the water molecule, were pursued. Surprisingly, mutating the catalytic His to a Tyr or 
Phe blocked access of the water molecule and enabled rearrangements by 1,2-hydride and 
methyl shifts to occur followed by subsequent deprotonation resulting in (-)-kolavenyl 
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diphosphate production. The mechanism was further investigated by D2O labeling studies 
and QCC analyses with theozymes. Altogether, this work uncovered the mechanistic basis 
for rearrangements, which are promoted by aromatic residues. In addition, this is the first 
demonstration of a plant diTPC shown to catalyze rearrangements and illustrates the 
plasticity of these enzymes as well. Because, not only was it a single amino acid change (His 
to Tyr), it was a single nucleotide change (CAC to TAC) that caused this large change in 
product outcome. 
 Future work will be aimed to increase the catalytic efficiency of these reactions by 
incorporating simple amino acid changes, in either wild-type or in the context of these 
described mutants, and kinetically characterizing all generated mutants. Furthermore, this 
detailed kinetic analysis will guide efforts for rational protein engineering for increased flux 
through the LRDs pathway towards the final product, thereby increasing yield and efficiency. 
In addition, perhaps this mechanistic knowledge can be applied to dissect the reaction 
mechanisms of the enzymes catalyzing similar reactions with different stereochemistries of 
CPP, thereby setting the stage to rationally engineer these diTPCs as well. 
The next part of the dissertation describes work conducted on investigating the 
evolution of the diTPSs involved in GA biosynthesis. This pathway is found across plants, 
bacteria and fungi and in each GA biosynthetic pathway diTPSs are found. There is distant 
homology and other marked similarities, which suggests they are evolutionarily related to 
each other.[3] Since the complete reaction mechanism for higher plant CPSs is known, we 
investigated the conservation of this mechanism and determined that this mechanism has 
been conserved from bacteria to the bifunctional CPS/KS found in land plants and the CPSs 
in vascular plants, suggesting they are evolutionarily related, while the CPS/KS found in 
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fungi uses a different mechanism and represents convergent evolution. This work led to a 
model for the evolution of diTPSs from bacteria to plants involved in GA biosynthesis. 
The last chapter of this dissertation describes work conducted in syn-copalyl 
diphosphate synthase from rice.[4] This enzyme is the only known plant diTPC known to 
catalyze the formation of this stereoisomer of CPP.[5] Guided by active site models, multiple 
sequence alignments and patterns observed in base deprotonation from other diTPCs, we 
conducted site-directed mutagenesis of this enzyme and observed novel enzymatic activity 
resulting in partial rearrangement and formation of syn-halimadienyl diphosphate. This 
represents novel enzymatic activity, and from previous QCC results obtained, we discuss the 
mechanistic implications for the observed catalytic activity. However, exactly how this 
amino acid change is affecting product outcome is still unknown.  
Future work will be aimed to further dissect the reaction mechanism of syn-copalyl 
diphosphate synthase. This will be done by obtaining a crystal structure for wild-type and the 
mutant either with a bound substrate or product analogue. This will vastly increase our model 
of the active site and provide a better interpretation for the observed change in activity. Also, 
natural products from Vitex castus and Vitex rotundifolia, belonging to the Verbenaceae plant 
family, seem to be derived from syn-halimadienyl diphosphate, thus this plant species may 
contain a native syn-halimadienyl diphosphate synthase.[6] Comparison of the amino acids 
that make up the active site will provide a better understanding for the catalyzed reaction as 
well. 
In summary, we have uncovered the enzymatic BASEs in diTPCs by gaining a better 
understanding of the catalytic reaction mechanisms for deprotonation, water quenching and 
rearrangements in diTPCs. We also better understand the evolution of diTPCs involved in 
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GA biosynthesis from plants, bacteria and fungi. Lastly, this work demonstrates the plasticity 
of these enzymes and it is this catalytic plasticity that underlies the evolution of LRDs. 
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Figures 
 
 
Figure 1: Reaction mechanisms for deprotonation, water quenching and rearrangements in 
wild-type AtCPS and constructed mutants. 
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APPENDIX A: DITERPENE CYCLASE MUTANTS CONSTRUCTED 
Here is a list of the class II diterpene cyclase mutants generated throughout my 
studies and also included are mutants to be generated still. 
AtCPS Truncation Primers Ordered Met Eng 
D119A d84 x x 
H263A, N322A d84 x x 
H263A, V323T d84 x x 
H263D, V323T d84 x x 
H263G d84   x 
H263I d84   x 
H263D d84 x x 
H263D N322T d84 x x 
H263F d84 x x 
H263F, V323H d84 x x 
H263F, N322H d84 x x 
H263F, N322H CWA -> FSG d84 x x 
H263Y d84 x x 
H263Y, N322A d84 x x 
H263Y, N322H d84 x x 
H263Y, N322H CWA -> FSG d84 x x 
H263Y, N322C, V323H d84 x x 
H263Y, T421A d84 x x 
H263Y, V323H d84 x x 
H263Y, Y511F d84 x x 
H263Y, Y511F CWA -> FSG d84 x x 
H263S d84 x x 
H263T d84 x   
H263E d84 x   
H263Q d84 x x 
H263Q, N322H d84 x x 
H263W d84 x   
H263N d84 x x 
H263N, N322H d84 x x 
L287H d84 x x 
N322A d84 x x 
N322D d84 x x 
N322E d84 x   
N322Q d84 x x 
H263A N322Q d84 x   
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N322G d84 x x 
N322V d84 x x 
N322I d84 x x 
N322T d84 x x 
N322H d84 x x 
N322Y d84 x x 
V323T d84 x x 
V323S d84 x x 
V323M d84 x x 
V323Q d84 x x 
V323H d84 x x 
V323D d84 x x 
V323Y d84 x x 
F329L d84 x   
F329A d84 x   
F329Y d84 x   
F329H d84 x   
H331Q d84 x x 
W333A d84 x   
W333F d84 x x 
W333Y d84 x x 
W333H d84     
W333T d84     
W369A d84 x   
W369C d84     
W369F d84     
W369H d84 x x 
368CWA -> FSG d84 x x 
W369Y d84 x x 
D377C d84 x   
D377N d84 x x 
D380C d84 x   
D380N d84 x x 
D380T d84 x   
T421A d84 x   
N425H d84 x x 
W464F d84     
W464L d84     
W464Y d84     
W504 d84     
Y511A d84 x   
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Y511D d84 x   
Y511E d84 x x 
Y511M d84 x   
Y511R d84 x   
Y511F d84 x x 
Y511H d84 x x 
Y511L d84 x x 
AgAS (norm) Truncation Primers Ordered Met Eng 
T135A d84, D621A x x 
T135G d84, D621A x x 
Y287F d84 x x 
Y287F d84, D621A x x 
Y287F, H348D d84, D621A x x 
Y287H, H348V d84, D621A     
Y287H d84, D621A     
Y287A d84, D621A     
L312H d84, D621A x x 
H348D d84, D621A x x 
H348D d84 x x 
H348D d84, D404A x x 
H348F d84, D621A x x 
H348Y d84, D621A x x 
F354A d84, D621A x x 
F354H d84, D621A x x 
F354L d84, D621A x x 
F354Y d84, D621A x x 
R356A d84, D621A     
W358A d84, D621A x x 
W358F d84, D621A x x 
W358H d84, D621A x x 
W358L d84, D621A x x 
W358Y d84, D621A x x 
W394 d84, D621A     
F438 d84, D621A     
N451H d84, D621A x x 
Y536 d84, D621A     
OsCPS4 (syn) Truncation Primers Made Met Eng 
H243A d70 x x 
H251A d70 x x 
H251D d70 x x 
H251F d70 x x 
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H275A d70 x x 
H275L d70 x x 
H275D d70 x x 
H251D, H275D d70 x x 
C310A d70 x x 
I311V d70 x x 
H334A d70 x x 
H357A d70 x x 
H357S d70 x x 
H357S H501D d70 x x 
H501D d70 x x 
H501Y d70 x x 
H501A d70 x x 
OsCPS2 Truncation Primers Made Met Eng 
H260A   x x 
H260A C319N   x x 
C319N   x x 
T320D   x x 
T320V   x   
H260A, T320V   x x 
T320I   x x 
FfCPSKS Truncation Primers Made Met Eng 
D918A   x x 
D675A   x x 
H212A D675A   x x 
S276A D675A   x x 
T278A D675A   x x 
EtCPS Truncation Primers Made Met Eng 
H173A Wt x x 
N240A Wt x x 
NGRCPS Truncation Primers Made Met Eng 
V1M Wt x x 
H172A Wt x x 
N239A Wt x   
sNGRCPS Truncation Primers Made Met Eng 
H172A Wt x x 
N239A Wt x x 
sAbCAS Truncation Primers Made Met Eng 
D405A DA, d86 x x 
YF DA, d86     
OsCPS1 Truncation Primers Made Met Eng 
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H304A   x x 
N363A   x x 
V364D   x x 
TaCPS2 Truncation Primers Made Met Eng 
Y2V   x x 
F244H   x x 
H270L   x x 
PpCPSKS Truncation Primers Made Met Eng 
H172A d131 x x 
H172A D505A d131 x x 
N232A d131 x x 
N232A D505A d131 x x 
D505A d131 x x 
TaCPS5 Truncation Primers Made Met Eng 
Y2V   x x 
        
DsCPS Truncation Primers Made Met Eng 
F256Y d74 x x 
F256Y, H315N d74 x x 
F256Y, H315N, Y505F d74 x x 
F256Y, H315N, T316V d74 x x 
F256Y, H315N, T316V, 
Y505F d74 x x 
H315N d74 x x 
H315N, T316V d74 x x 
H315N, Y505F d74 x x 
H315N, T316V, Y505F d74 x x 
T316V d74 x x 
Y505F d74 x x 
H315N, T316V, F361Y d74 x x 
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APPENDIX B: EFFICIENT HETEROCYCLISATION BY (DI)TERPENE SYNTHASES 
S. Mafu, K. C. Potter, M. L. Hillwig, J. Criswell and R. J. Peters1 
Abstract 
While cyclic ether forming terpene synthases are known, the basis for such 
heterocyclisation is unclear. Here it is reported that numerous (di)terpene synthases, 
particularly including the ancestral ent-kaurene synthase, efficiently produce isomers of 
manoyl oxide from the stereochemically appropriate substrate. Accordingly, such 
heterocyclisation is easily accommodated in the terpene synthase reaction mechanism. 
Indeed, the use of single residue changes to induce production of the appropriate substrate in 
the upstream active site leads to efficient bifunctional enzymes producing isomers of manoyl 
oxide, representing novel enzymatic activity. 
 
Introduction 
Terpenoids form the largest class of natural products, with >45,000 known just from 
plants.1 The underlying skeletal structures are largely formed by terpene synthases (TPSs).2 
These enzymes catalyse formation of hydrocarbon backbones, almost invariably via carbon-
carbon bond formation, often including cyclization, generally producing olefins.3 However, 
examples of cyclic ether forming heterocyclisation are known. For example, TPSs have been 
identified that form the monoterpene (C10) 1,8-cineole (eucalyptol),4 and, more recently, the 
diterpene (C20) manoyl oxide.5  
 TPSs are generally classified as lyases, particularly the prevalent class I enzymes that   
1 Department of Biochemistry, Biophysics and Molecular Biology, Iowa State University, Ames, IA, 50011, USA 
* Corresponding author: 4216 Mol. Biol. Bldg, Ames, IA, 50011, E-mail:rjpeters@iastate.edu 
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catalyse heterolytic cleavage (ionization) of allylic diphosphate ester bonds in their isoprenyl 
diphosphate substrates (EC 4.2.3.x).2 However, there are examples of TPSs that act as 
hydrolyases, incorporating water.3 In addition, certain TPSs catalyse heterocyclisation, 
forming cyclic ethers. 1,8-Cineole synthases both act as hydrolyases, incorporating water, 
and further utilize the resulting oxy group to form a cyclic ether. By contrast, the production 
of manoyl oxide proceeds from a substrate wherein oxygen is already present in the form of a 
hydroxyl group added during bicyclization of the general diterpenoid precursor (E,E,E)-
geranylgeranyl diphosphate (1) to 8α-hydroxy-copalyl diphosphate (2) catalysed by class II 
diterpene cyclases.6 2 is then utilized in a heterocyclisation reaction catalysed by a class I di-
TPS to produce (13R) manoyl oxide (3) (Fig. 1). 
Previous work, based on the crystal structure of a 1,8-cineole synthase from Salvia 
fruticosa, led to partial conversion of a closely related, but more typical olefin producing 
sabinene synthase to incorporate water, but very little cyclic ether formation was observed.4b 
Accordingly, it is not clear what additional accommodations might be necessary for 
heterocyclisation. Here the formation of manoyl oxides from the relevant hydroxylated 
precursors, enantiomers of 8-hydroxy-copalyl diphosphate, separating the incorporation of 
water from heterocyclisation, was investigated, enabling elucidation of the facile ability of 
(di)TPSs to carry out such catalysis.  
 Intriguingly, previous work demonstrated that an abietadiene synthase from the 
gymnosperm/conifer Abies grandis (AgAS) will react with an analogue of 2, 8α-hydroxy-17-
nor-copalyl diphosphate, to produce an analogue of 3, 17-nor-manoyl oxide, in a 
stereospecific manner, albeit with somewhat limited efficiency.7 Nevertheless, this suggested 
the possibility that AgAS might be able to produce 3 from 2. AgAS is a bifunctional di-TPS,8 
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catalysing both bicyclization of 1 to copalyl diphosphate (CPP) in a class II diterpene cyclase 
active site, as well as subsequently catalysing further cyclisation of this to an abietane in a 
separate class I active site.9 Thus, this hypothesis was investigated using a previously 
reported D404A mutant that no longer exhibits class II activity.9 Indeed, AgAS:D404A reacts 
with 2, produced by a separate class II diterpene cyclase10 (either in vitro or in a previously 
described modular metabolic engineering system11), to produce 3, along with smaller 
amounts of its C13-epimer, (13S) 13-epi-manoyl oxide (4) (Fig. S1). The ability of 
AgAS:D404A to convert 2 to 3 hinted at the possibility that other (di)TPSs might be able to 
catalyse such heterocyclisation when fed an appropriate substrate.  
 The recently reported (13R) manoyl oxide synthase from Coleus forskohlii is closely 
related to previously identified di-TPSs that produce the abietadiene isomer, miltiradiene, 
from both this and other plants of the Lamiaceae family.5, 12 Interestingly, it has been 
previously reported that, when fed 2, these miltiradiene synthases all produce predominantly 
3, along with smaller amounts 4,5, 12b consistent with a somewhat broader ability of, at least 
these closely related, di-TPSs to catalyse such heterocyclisation. While these di-TPSs share 
some mechanistic similarity with AgAS in their production of abietanes, they are members of 
the TPS-e sub-family, while AgAS falls within the phylogenetically separate TPS-d3 sub-
family.13 Notably, the TPS-e sub-family also contains the ent-kaurene synthases (KSs) found 
in all seeds plants, where they are required for gibberellin plant hormone biosynthesis, and 
which represent the ancestral plant class I TPS.3, 6b  
 The usual substrate for KSs is ent-CPP, the decalin bicycle configuration of which is 
enantiomeric to 2. Perhaps not surprisingly then, KSs do not react with 2 (data not shown). 
Fortuitously, it has recently been shown that alanine substitution for either (or both) of the 
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residues constituting the catalytic base dyad in the ent-CPP synthases (CPSs) also found in 
all seeds plants for gibberellin biosynthesis, leads to efficient production of 8-hydroxy-ent-
CPP (5),14 the exact enantiomer of 2. Notably, a variety of KSs readily react with 5 to 
efficiently produce ent-13-epi-manoyl oxide (6), along with small amounts of ent-manoyl 
oxide (7) (Fig. S2). One enzyme with such activity is the bifunctional CPS/KS from the early 
diverging bryophyte/moss, Physcomitrella patens,15 which is representative of the ancestral 
plant TPS.3, 6b The observed efficient production of 6 by other KSs suggested that it might be 
possible to engineer PpCPS/KS into a bifunctional ent-13-epi-manoyl oxide synthase by 
introducing hydroxylation into the class II active site catalysed reaction (i.e., to produce 5). 
Accordingly, based on a previously reported single residue change that converts the CPS 
from Arabidopsis thaliana to production of 5,14 an equivalent mutation was constructed in 
PpCPS/KS. Strikingly, the resulting PpCPS/KS:H302A efficiently produces 6 from 1, with 
minimal amounts of the usual 16-hydroxy-ent-kaurene (8) product, presumably reflecting 
residual production of ent-CPP by the class II active site (Fig. 2 & 3A).  
 A similar single residue change that converts the class II activity of AgAS to the 
efficient production of 2 has been reported (H348D).10 In the initial study, this change was 
combined with a D621A mutation that blocks class I activity.9 The results reported above 
suggest that the AgAS:H348D single mutant might act as a bifunctional manoyl oxide 
synthase. However, somewhat surprisingly, AgAS:H348D produces only small amounts of 3, 
leaving large amounts of 2 unreacted (Fig. S3). While the basis for this effect of the H348D 
mutation in the class II active site on the separate class I active site in AgAS is unclear, 
closer examination of the crystal structure available for AgAS16 revealed that H348 is 
hydrogen-bonded to Y287, presumably representing a catalytic dyad (Fig. S4). Accordingly, 
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a Y287F mutant was constructed, and the resulting AgAS:Y287F found to efficiently 
produce 3 from 1, albeit with some residual production of abietadiene (9), presumably 
reflecting continued production of small amounts of CPP by the class II active site, along 
with small amounts of 4 as well (Fig. 3B). 
 The results reported here demonstrate that heterocyclisation is easily accommodated 
by the TPS reaction mechanism, as demonstrated by the range of KSs, representing the 
ancestral plant TPSs, that are able to carry out such catalysis. This reactivity provides further 
promiscuity that may underlie the observed diversification of terpenoid natural products. In 
the case of diterpenoids, this is particularly evident when coupled to the ease with which 
upstream class II diterpene cyclases can be converted to the production of 8-hydroxylated 
CPPs, which requires only single amino acid changes.10, 14 This plasticity is exemplified by 
the bifunctional manoyl oxide (AgAS:Y287F) and ent-13-epi-manoyl oxide 
(PpCPS/KS:H302A) synthases reported here, which further represent novel enzymatic 
activity.  
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Figures 
 
 
Figure 1: Cyclization of GGPP (1) to 8-hydroxy CPP (2), catalysed by a class II diterpene 
cyclase, with subsequent heterocyclisation to manoyl oxide (3), catalysed by a class I di-TPS. 
 
 
 
 
 
Figure 2: Cyclization of GGPP (1) to 8-hydroxy-ent-CPP (5), with subsequent 
heterocyclisation to ent-13-epi-manoyl oxide (6). 
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Figure 3: Single mutations convert A) PpCPS/KS to a bifunctional ent-13-epi-manoyl oxide 
synthase (H302A) and B) AgAS to a bifunctional manoyl oxide synthase (Y287F). Shown 
are chromatograms from GC-MS analysis of the products from each (peak numbering 
corresponds to compound numbering described in text). 
 
 
Supplementary Information 
Experimental Section 
All reagents were purchased from Fischer Scientific unless noted otherwise.  
Enzymatic analyses were carried out in large part by using a previously described 
modular metabolic engineering system,1 with inclusion of a compatible plasmid (pIRS) to 
increase flux through the isoprenoid precursor pathway, which also has been previously 
described.2 Briefly, this system drives metabolic flux towards the general diterpenoid 
precursor, GGPP (1), and enables co-expression of di-TPSs that can be readily recombined 
into DESTination cassettes via the Gateway cloning system (Invitrogen), which have been 
inserted into a set of compatible Duet vectors (Novagen).2 The recombinant enzymes used in 
this study were expressed as previously described pseudomature constructs for AgAS,3 
PpCPS/KS,4 a class II diterpene cyclase from Nicotiana glutinosa (NgCLS) that produces 
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8-hydroxy-CPP (2),5 the AtCPS:H263A mutant that produces 8-hydroxy-ent-CPP (5),6 the 
KS from the dicot Arabidopsis thaliana (AtKS),7 and the KS from the monocot Oryza sativa, 
rice (OsKS).8  
Mutants were generated by whole-plasmid PCR amplification with overlapping 
mutagenic primers of pENTR/SD/ d-TOPO (Invitrogen) clones, and verified by complete 
gene sequencing prior to transfer by directional recombination to expression vectors, pGG-
DEST for the class II diterpene cyclases (and bifunctional enzymes), and pDEST17 for the 
class I diterpene synthases. The resulting constructs were heterologously expressed in the 
C41 OverExpress strain of Escherichia coli (Lucigen), much as previously described.9 
Briefly, recombinant mutant clones were grown in liquid NZY media (10 g casein, 10 g 
NaCl, 5 g yeast extract, 1 g MgSO4 (anhydrous) in 1 L H2O, with pH adjusted to 7.0 using 
HCl) at 37 °C to OD600 = 0.6, then shifted to 16 °C for an hour prior to induction with 0.5 
mM IPTG, followed by fermentation at 16 °C, much as previously described.10  
For product analysis via metabolic engineering the relevant di-TPSs were co-expressed using 
compatible pGG-DEST and (where necessary) pDEST17 based constructs. At the time of 
induction, cultures were supplemented with phosphate buffer (pH 7.0) to 100 mM, sodium 
pyruvate to 50 mM, and MgCl2 to 1 mM (final concentrations), as previously described.
2 
After induction and fermentation for 3 days, products were extracted by addition of an equal 
volume of hexanes and gentle swirling, the organic solvent is separated out and then dried 
under N2, with the residue resuspended in fresh hexanes and analyzed by GC-MS.  
Analysis of products by GC-MS was carried out much as previously described,11 
using a HP-5MS column (Agilent, 0.25 μm, 0.25ID, 30 m) on a 3900 GC with Saturn 2100T 
ion trap MS (Varian), with a 1.2 mL/min He flow rate, and the following oven temperature 
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program: 50 °C for 3 min, 15 °C/min to 300 °C, hold 3 min. Samples (1 µL) underwent 
splitless injection at 250 °C.  
To isolate sufficient amounts of enzymatically produced manoyl oxide (3) for 
confirmation by NMR spectral analysis, 2 x 1 L cultures were fermented for 3 days, and then 
extracted twice with an equal volume of hexanes. After extraction, the phases were separated 
in a separatory funnel, and the pooled hexanes dried by rotary evaporation. The resulting 
extract was redissolved in 10 mL of fresh hexanes and purified by passing over silica (4 g; 
40-140 mesh), and 3 eluted with 5% ethyl acetate/hexanes (as determined by GC-MS 
analysis). This procedure was repeated four times and the resulting purified compound, with 
a final yield of ~5 mg, was dried under N2 and redissolved in 0.5 mL CDCl3. This sample 
was analyzed by NMR carried out with a Bruker Avance 700 spectrometer equipped with a 
5-mm HCN cryogenic probe for 1H and 13C detection using standard experiments from the 
Bruker TopSpin version 1.4 software. One-dimensional 1H spectra were acquired at 700 
MHz, and one-dimensional 13C spectra acquired at 175 MHz.  Chemical shifts were 
referenced using known chloroform (13C 77.23, 1H 7.24 ppm) signals offset from TMS. 
Proton chemical shifts δ (ppm)  (700 MHz, chloroform-d, 303.8 °K) were as follows: 0.813 
(1H, td, 3.7, 13.1 Hz, H1a), 1.554 (1H, m, H1b), 1.393 (1H, m, H2a), 1.565 (1H, m, H2b), 
1.114 (1H, td, 3.9, 13.0 Hz, H3a), 1.347 (1H, m, H3b), 0.917 (1H, dd, 2.4, 12.5 Hz, H5), 
1.249 (1H, m, H6a), 1.630 (1H, m, H6b), 1.422 (1H, m, H7a), 1.803 (1H, dt, 3.2, 12.3, H7b), 
1.312 (1H, dd, 4.3, 12.0, H9), 1.456 (1H, m, H11a), 1.552 (1H, m, H11b), 1.612 (1H, m, 
H12a), 1.741 (1H, dt, 5.5, 13.5, H12b), 5.854 (1H, dd, 10.8, 17.4 Hz, H14), 4.897 (1H, dd, 
1.4, 10.8 Hz, H15Z), 5.123 (1H, dd, 1.4, 17.4, H16E), 1.252 (3H, s, H16), 1.272 (3H, s, H17), 
0.836 (3H, s, H18), 0.775 (3H, s, H19), 0.765 (3H, s, H20). Carbon chemical shifts (173 
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MHz, chloroform-d, 303.8 °K) and assignments were as follows:  δ (ppm) 39.24 (C1), 18.78 
(C2), 42.34 (C3), 33.46 (C4), 56.65 (C5), 20.17 (C6), 43.49 (C7), 75.33 (C8), 55.85 (C9), 
37.24 (C10), 15.52 (C11), 35.92 (C12), 73.44 (C13), 148.22 (C14), 110.49 (C15), 25.74 
(C16), 28.78 (C17), 33.58 (C18), 21.57 (C19), and 15.63 (C20). These values match those 
previously reported for 3.  
 
 
 
 
 
 
 
 
 
 
Figure S1: AgAS:D404A efficiently reacts with 2 to produce 3. GC-MS chromatogram from 
co-expression of AgAS:D404A with NgCLS in E. coli also engineered to produce substantial 
quantities of 1 (numbering of peaks corresponds to compound numbering defined in text).  
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Figure S2: KSs from monocots (OsKS) and dicots (AtKS) efficiently react with 5 to produce 
6. GC-MS chromatograms from co-expression of either A) OsKS or B) AtKS, with the 
AtCPS:H263A mutant that produces 5, in E. coli also engineered to produce substantial 
quantities of 1 (numbering of peaks corresponds to compound numbering defined in text, 
along with 10, ent-kaurene).  
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Figure S3: AgAS:H348D produces only small amounts of 3 from 2. GC-MS chromatogram 
from co-expression of AgAS:H348D in E. coli also engineered to produce substantial 
quantities of 1 (numbering of peaks corresponds to compound numbering defined in text, 
along with 11, labda-7,14-dien-13-ol, which co-elutes with 9 in the oven temperature 
program described above, but these can be separated with a slower temperature increase, as 
also depicted here).  
 
 
 
Fig. S4: Identification of a potential catalytic base dyad, composed of H348 and the 
hydrogen-bonded Y287, from the crystal structure of AgAS.14 Active site of AgAS (cartoon 
format) showing side-chains of the DxDD motif that acts as the catalytic acid in class II 
diterpene cyclases,15 as well as H348 and Y287 (all in stick representation), depicted using 
the PyMol Molecular Graphics System, version 1.4 Schrödinger, LLC).  
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APPENDIX C: A SINGLE RESIDUE CHANGE LEADS TO HYDROXYLATED 
PRODUCT FROM THE CLASS II DITERPENE CYCLIZATION CATALYZED BY 
ABIETADIENE SYNTHASE 
 
A paper published in Organic Letters (2012) 14(23): 5828-5831 
Jared Criswell,‡ Kevin Potter,‡ Freya Shephard,§,† Michael H. Beale,§ Reuben J. Peters*,‡ 
 
Abstract 
Class II diterpene cyclases catalyze bicyclization of geranylgeranyl diphosphate. 
While this reaction typically is terminated via methyl deprotonation to yield copalyl 
diphosphate, in rare cases hydroxylated bicycles are produced instead. Abietadiene synthase 
is a bifunctional diterpene cyclase that usually produces a copalyl diphosphate intermediate. 
Here it is shown that substitution of aspartate for a conserved histidine in the class II active 
-hydroxy-CPP instead, 
demonstrating striking plasticity. 
 
Introduction 
The labane-related diterpenoids form a natural products superfamily, consisting of 
~7,000 known compounds, whose biosynthesis is characterized by (bi)cyclization of (E,E,E)-  
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geranylgeranyl diphosphate (GGPP; 1), catalyzed via a protonation-initiated carbocationic 
cascade reaction by class II diterpene cyclases.1 The diterpene cyclases involved in conifer 
resin acid biosynthesis are bifunctional enzymes that catalyze such a class II cyclization 
reaction, producing CPP (2) from 1 (Scheme 1).2 
Class II diterpene cyclases are characterized by a DxDD motif, wherein the central 
aspartic acid residue acts as the catalytic acid.3 However, the catalytic base for this reaction 
remains unknown despite previously reported extensive mutagenesis.4 Given our recent 
determination of a crystal structure for the abietadiene synthase from Abies grandis (AgAS),5 
we set out to identify the catalytic base in its class II active site, resulting in the surprising 
finding that substitutions for one potential candidate, histidine 348, led to mutant AgAS that 
catalyze class II cyclization reactions leading to an unusual hydroxylated product. 
While the DxDD motif that cooperatively acts as the catalytic acid is conserved in 
class II diterpene cyclases, no conserved residue that might act as the catalytic base has yet 
been identified. This may be due to the variation in bound substrate configuration implied by 
the production of distinct stereoisomers of CPP by different such enzymes.1 Accordingly, we 
were intrigued by the observation that the class II active site of AgAS contains a histidine (at 
position 348) that is not only appropriately positioned to act as the base – i.e., across the 
substrate binding cavity from the DxDD motif (Figure 1) – but is further conserved among 
the homologous diterpene synthases involved in gymnosperm resin acid biosynthesis, all of 
which produce the normal (9S,10S) stereoisomer of CPP (2).  
Hypothesizing that this might be the catalytic base, we substituted alanine for His348, 
and tested the activity of the resulting AgAS:H348A mutant in the context of the D621A 
substitution that eliminates the subsequently acting class I activity.6 Intriguingly, rather than 
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abolishing activity, this mutation led to novel products. In particular, AgAS:H348A/D621A 
reacted with 1, both in vitro and in our modular metabolic engineering system (whereby 
Escherichia coli is engineered to produce 1 for use by co-expressed diterpene synthases such 
as AgAS7), to yield a hydroxylated product, observed as a dephosphorylated diol by GC-MS 
analysis (Figure S1).  
The mass spectra of this compound resembled that previously reported for labd-13E-
en-8,15-diol,8 which results from dephosphorylation of 8-hydroxy-CPP (3), a known class 
II diterpene cyclase product.8-13 Comparison with the 3 produced by the relevant enzyme 
from Nicotiana glutinosa (NgCLS)9 indicated that AgAS:H348A/D621A also produces 3 
(Figure S1). Moreover, by increasing metabolic flux to isoprenoids (i.e. 1) in our metabolic 
engineering system,14 it was possible to isolate sufficient amounts of labd-13E-en-8,15-diol 
for verification by NMR spectral analysis (Table S1).  
Strikingly, a recently reported cis-abienol synthase from Abies balsamea, homologous 
to AgAS, similarly proceeds through 3 as the stable intermediate product of its class II 
activity and contains an aspartate in place of the histidine targeted here, which is otherwise 
conserved in the known gymnosperm bifunctional diterpene cyclases.15 Thus, we constructed 
the corresponding AgAS:H348D/D621A mutant, which largely produced 3 (Figure 2), rather 
than the more evenly distributed mixture of products observed with AgAS:H348A/D621A. 
These products included not only 2 and 3, but also a double bond isomer of 2, labda-7Z,13E-
dienyl diphosphate (4), as identified by comparison of the dephosphorylated alcohol to a 
previously identified enzymatic product (Figure S1).16 
It has been indicated that the addition of water in class II cyclization reactions can 
only occur when the water molecule is in the optimal position and orientation for addition to 
153 
 
 
 
the empty 2p orbital of the relevant carbocation intermediate, as the water would otherwise 
serve as a general base.17 Thus, the ability of AgAS:H348A/D621A to produce a mixture of 
compounds resulting from either direct deprotonation of the labda-13E-en-8-yl carbocation 
intermediate (5+) initially formed by bicyclization (i.e., to yield 2 or 4), or after the addition 
of water (i.e., to yield 3), suggests the use of water as a base, at least in this mutant.  
Based on these results, we hypothesize that the histidine residue found in the wild-
type enzyme positions a water molecule to act as the catalytic base, while aspartate 
substitution positions this water for addition, and the presence of an alanine simply allows 
variable positioning. In those cases where water is added, the resulting oxacarbenium ion 
must still be deprotonated to form a stable product, and we further hypothesize that an 
additional water molecule in the class II active site may serve this purpose.  
Notably, the observed specific production of the 8 stereoisomer indicates distal 
attack of water on the empty 2p orbital of C8 following initial (bi)cyclization (i.e., in 5+). 
Such distal addition of water, as well as the observed products resulting from direct 
deprotonation (as noted elsewhere for 2 and 416), all are consistent with a concerted 
cyclization mechanism (Scheme 2). Although it has been suggested elsewhere that distal 
positioning of water for addition is required for class II cyclization, as a water positioned for 
proximal attack might interfere sterically with the preceding cyclization,17 it should be noted 
that NgCLS has been suggested to produce a small amount of the 8-hydroxy epimer 
(~10%),9 hinting at some ability to continue beyond the initial (presumably concerted) 
(bi)cyclization, which would be consistent with the observed production of rearranged 
products by class II diterpene cyclases (e.g., halimadienyl18 or clerodadienyl19 
diphosphates).1  
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Regardless of exact mechanism, the ability of simple substitution of an aspartate for 
histidine, which requires only a single nucleotide change, to selectively change final product 
outcome is striking. While the ability of single residue changes to substantially alter product 
outcome in class I diterpene synthases has been previously demonstrated,20-24 the ability of 
such a change to alter chemical composition of the class II cyclization reaction product was 
unexpected. Nevertheless, the results reported here demonstrate intriguing plasticity for at 
least the class II diterpene cyclase active sites of the bifunctional diterpene synthases from 
gymnosperm resin acid biosynthesis as well. This change further has implications for the 
derived diterpenoids (Scheme 3), as the exocyclic-8(17)-double bond of 2 is involved in the 
subsequent cyclization typically catalyzed by the downstream class I diterpene synthases – 
e.g., to form pimaradienes (e.g., 6) and abietanes (e.g., 7). In addition, while class I terpene 
synthases also can add hydroxyl groups (e.g., in formation of 725), the presence of a hydroxyl 
in 3 offers further chemical diversity – e.g., the direct production of cis-abienol (8)15 or a diol 
such as sclareol (9).11,12  
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Scheme 1: Class II reactions mediated by wild-type and the H348D mutant of AgAS. 
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Figure 1: Class II active site of AgAS (backbone shown in cartoon format), with the side 
chains of the aspartates of the DxDD motif and histidine targeted here shown in stick 
representation. 
 
 
Figure 2: Effect of H348D mutation on product outcome of the class II cyclization reaction 
mediated by AgAS. Chromatograms from GC-MS analysis of the dephosphorylated products 
(also shown is the structure of 4).  
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Scheme 2: Roles for water in class II cyclization reactions catalyzed by AgAS or the mutants 
reported here. 
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Scheme 3. Products of class I diterpene synthases catalyzed reactions with 2 or 3. 
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Supplementary Information 
Experimental Methods 
The recombinant AgAS used here was the previously described pseudomature 
construct,2 sub-cloned into pENTR/SD/D-TOPO (Invitrogen) as previously described.3 
Mutants were constructed by whole plasmid PCR amplification with overlapping mutagenic 
primers, all of which were verified by complete gene sequencing prior to transfer via 
directional recombination to expression vectors (pDEST17 and pGG-DEST). These were 
heterologously expressed in the C41 OverExpress strain of Escherichia coli (Lucigen), much 
as previously described.2 Briefly, the recombinant E. coli were grown in liquid NZY media 
to 0.6 A600 at 37 °C, then shifted to 16 °C for an hour prior to induction with 0.5 mM IPTG, 
followed by fermentation at 16 °C. For in vitro assays, the enzymes were expressed as 
pDEST17 6xHis tagged constructs for ease of purification, which was accomplished much as 
previously described.4 Briefly, cells from overnight fermentation were harvested by 
centrifugation, lysed by gentle sonification in lysis buffer (50 mM Bis-Tris, pH 6.8, 150 mM 
KCl, 10 mM MgCl2, 1 mM DTT, 10% glycerol), with the resulting lysate clarified by 
centrifugation (15,000g  20 min. at 4 °C). The tagged enzymes were purified over Ni-NTA 
His-bind resin (Novagen), in batch mode, washing with 20 mM imidazole and elution by 250 
mM imidazole in column buffer (50 mM Bis-Tris, pH 6.8, 1 mM DTT). Enzymatic assays 
for class II activity were carried out much as previously described.5 Enzymatic products were 
investigated by expression in our previously described modular metabolic engineering 
system,1 which induces production of GGPP in E. coli (using pGG-DEST based constructs), 
with further engineering increasing yields and enabling straightforward extraction of the 
products resulting from co-expressed diterpene cyclases,6 as depicted in Figures 2 and S1. 
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Briefly, the products resulting from 3 day fermentations were extracted with an equal volume 
of hexanes, dried under N2, resuspended in fresh hexanes, and then filtered prior to analysis 
by gas chromatography with mass spectra detection (GC-MS), using a 3900 GC with Saturn 
2100T ion trap MS (Varian) equipped with HP5-ms column (Agilent), as previously 
described.7 To isolate sufficient amounts of labd-13E-en-8,15-diol for conformation by 
NMR spectral analysis, 3 x 1 L cultures were fermented, extracted twice with an equal 
volume of hexanes, with the phases separated in a separatory funnel, and the pool hexanes 
dried by rotary evaporation. The resulting extract was redissolved in 10 mL fresh hexanes 
and purified using a Reveleris automated flash chromatography system, much as previously 
described.8 The resulting fractions were analyzed by GC-MS, and that containing the targeted 
labd-13E-en-8,15-diol dried under N2, yielding ~ 3 mg, which was redissolved in 0.5 mL 
CDCl3. This sample was analyzed by NMR, carried out much as previously described.
8 
Briefly, using a Bruker Avance 700 spectrometer equipped with a 5-mm HCN cryogenic 
probe for 1H and 13C, structural analysis was performed using one-dimensional 1H, and two-
dimensional DQF-COSY, HSQC, HMQC, HMBC, and NOESY experiment spectra acquired 
at 700 MHz, and one-dimensional 13C and DEPT135 spectra (174 MHz) using standard 
experiments from the Bruker TopSpin version 1.4 software. Correlations from the HMBC 
spectra were used to propose a partial structure, while resonance signals between protonated 
carbons were obtained from DQF-COSY data to complete the partial structure and assign 
proton chemical shifts. The structure was further verified using HSQC, and DEPT135 spectra 
to confirm assignments.  Chemical shifts were referenced using known chloroform (13C 
77.23, 1H 7.24 ppm) signals offset from TMS (Table S1), and compared to those previously 
reported.9  
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Supplementary Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S1: Effect of H348A mutation on product outcome of the class II cyclization reaction 
catalyzed by AgAS. GC-MS chromatograms of products from various AgAS constructs, 
NgCLS, or SmCPSKSL1 (as indicated). All enzymatic products are derived from expression 
in a previously described modular metabolic engineering system,1 wherein the endogenous 
phosphatases lead to dephosphorylation, enabling extraction and detection of the parental 
diphosphate containing compounds as the resulting primary alcohols. Specifically, GGPP (1) 
is detected as geranylgeraniol, CPP (2) as copalol, 8-hydroxy-CPP (3) as labda-13E-en-
8,15-diol, and labda-7,13E-dienyl diphosphate (4) as labda-7,13E-dien-15-ol. 
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aThis value differs slightly (34.0 versus 36.6) from that reported by ref. 9. 
 
Table S1: 1H and 13C NMR data for labd-13E-en-8,15-diol. 
 
 
 
 
Position H C 
1a 
1b 
1.57 (1H, m) 
0.89 (1H, dd, J = 11.8, 3.6 Hz ) 
40.3 
2a 
2b 
1.51 (1H, dt, J = 13.6, 3.6 Hz) 
1.35 (1H, m) 
19.0 
3a 
3b 
1.30 (1H, m) 
1.07 (1H, dd, J = 13.6, 3.6 Hz) 
42.6 
4  33.8 
5 0.85 (1H,dd, J = 12.2, 2.0 Hz) 56.7 
6a 
6b 
1.57 (1H, m) 
1.19 (1H, m) 
21.2 
7a 
7b 
1.78 (1H, dt, J = 12.3, 2.9 Hz) 
1.30 (1H, m) 
45.2 
8  74.7 
9 0.98 (1H, t, J = 3.6 Hz) 61.9 
10   
11a 
11b 
1.45 (1H, ddd, J = 9.9, 7.4, 3.6 Hz) 
1.31 (1H,) 
24.2 
12 2.01 (2H, m) 43.5 
13  141.7 
14 5.36 (1H, t, J = 6.8 Hz ) 123.7 
15 4.07 (2H, m) 60.0 
16 1.61 (3H, s) 17.1 
17 1.05 (3H, s) 24.5 
18 0.79 (3H, s) 34.0a 
19 0.70 (3H, s) 22.1 
20 0.71 (3H, s) 16.1 
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Figure S2: Numbering and selected HMBC and NOESY correlations for labd-13E-en-8,15-
diol.  
 
 
 
 
 
Figure S3: 1H 1D spectrum 
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Figure S4: 13C 1D spectrum 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S5: HMBC 2D spectrum 
 
165 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S6: NOESY 2D spectrum 
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